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ABSTRACT 
Osmopriming is a pre-soaking treatment that improves seed germination performance as well 
as stress tolerance.  In this study, we use spinach (Spinacia oleracea cv. Bloomsdale) as the 
model to study cellular mechanisms contributing to the improved stress tolerance during 
post-priming germination.  We first determined an optimal osmopriming protocol for 
‘Bloomsdale’ spinach, i.e. priming seeds with -0.6 MPa PEG 8000 at 15 °C for 8 d.  This 
protocol also improved germinating seeds’ tolerance to temperature (sub- and supra-
temperature) and desiccation stress.  To explore the biochemistry contributing to the priming-
induced stress tolerance, we examined two extensively studied stress-responsive components: 
antioxidant system and dehydrins.    An update of ‘antioxidant system’ was found during 
osmopriming and early germination stage, as manifested in the repression of antioxidants 
involved in seed protection during dry storage, and enhancement of those related to seed 
germinability.   Possibly, this system update was resulted from the transition of seeds from 
dry to imbibing / germinating state.  Osmopriming might provide a ‘head-start’ for this 
transition, and thus resulted in a more robust antioxidant system in primed seeds and 
increased their germination potential.   Consequently, primed seeds exhibited improve 
tolerance to chilling and desiccation stress.  Our study of dehydrin accumulation, on the other 
hand, suggests an alternative strategy for osmopriming to improve stress tolerance in 
germinating seeds.  Several dehydrins (30, 26, and 19-kD dehydrins, and CAP85) transiently 
accumulated during osmopriming at both protein and transcript levels.  These dehydrins also 
re-accumulated in primed seeds in response to chilling and desiccation stress, and thus may 
be associated with the improved stress tolerance.  It is possible that osmopriming imposed 
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mild osmotic stress in seeds and induced accumulation of stress responses (dehydrins) to 
confer cross-tolerance that rendered primed seeds more tolerant to subsequent stress 
exposures.   We assumed that osmopriming might use the above-described two strategies (i.e. 
increasing seed germination potential and inducing cross-tolerance in seeds) that act together 
to enhance seed stress tolerance during post-priming germination.
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CHAPTER 1: GENERAL INTRODUCTION 
Literature review 
Significance of seed priming 
Efficient seed germination and early seedling establishment are important for commercial 
agriculture.  Rapid and uniform seedling emergence determine their successful establishment, 
as it produces a deep root system before the upper layers of soil dried out, hardened, or 
reached supra-optimal temperatures (Harris, 1996).  However, seeds after dry storage often 
exhibit slow and non-uniform germination, caused by loss of seed vigor when seeds are 
stored under inappropriate conditions.  Moreover, the time itself from seed sowing to early 
seedling growth is a window where germinating seeds / seedlings are most sensitive to 
adverse environments due to the progressive loss of desiccation tolerance upon seed 
hydration (Reisdorph and Koster, 1999; Buitink et al., 2003).  Accordingly, another major 
factor that can potentially compromise seed germination and seedling growth is abiotic stress, 
including drought, salt, cold, heat, heavy metals, etc.  Moreover, events associated with 
predicted climate change in the future, may exacerbate abiotic stresses by causing erratic 
rainfall patterns and unpredictable temperature extremes.  
To save the possibly compromised seed vigor during storage and improve crop tolerance 
to abiotic stresses, an often adopted strategy is to prime seeds before sowing, also known as 
seed priming.  Seed priming uses different ways to control seed hydration, such as shortening 
the hydration duration (hydropriming), or lowering external water potential (osmopriming, 
halopriming, matric priming, and drum priming).  In addition, applying germination 
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inhibitors [(abscisic aicd (ABA)] is also an often used to restrict complete germination.  
Consequently, majority of seed population after priming are merely partially hydrated, i.e. 
they reach a pre-germinative stage without radicle protrusion (Bradford, 1986).  Due to this 
‘head-start’, primed seeds exhibit improved germination rate and uniformity.  The priming-
improved seed germination under both optimal and adverse environments have been reported 
in diverse species such as maize (Zea mays), soybean (Glycine max), pepper (Capsicum 
annuum), and wheat (Triticum aestivum), etc (Iqbal and Ashraf, 2007; Farooq et al., 2008; 
Korkmaz and Korkmaz, 2009; Zhuo et al., 2009).  However, the cellular mechanism of 
priming as it relates to improved stress tolerance in germinating seeds is still largely 
unknown.  
 
Challenges in understanding the physiology of priming-induced seed stress tolerance    
One of the challenges lies in the many choices of priming solutions / substances.  Ashraf 
et al. (2008) suggested that seed priming techniques include several categories based on the 
choice of priming substances: osmopriming, halopriming, hydropriming, hormone priming, 
matric priming, and thermopriming. The first four techniques are more commonly studied in 
laboratory conditions, and the corresponding priming reagents are often solutions of 
polyethylene glycol (PEG), salts (KNO3, CaCl2, etc.), water, or plant growth hormones (ABA, 
GA, etc.), respectively.  During the hydropriming and those osmopriming treatments that 
employ large-sized priming molecules that cannot permeate cell wall/membrane, water influx 
would be the only external factor affecting priming.  On the contrary, since many salts and 
hormones can be absorbed by the seeds, the germination-related processes activated during 
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such priming are influenced not only by seed hydration but also by the absorption of 
exogenous ions / hormones, thereby confounding the effects of imbibition versus that of ions 
/ hormones.  Hydropriming, on the other hand, is essentially akin to early seed imbibition; 
thus, it does not represent most of the priming techniques that use low external water 
potentials to control seed hydration.  Consequently, to resolve this issue, we have selected 
osmopriming as our model to study the cellular mechanisms of priming-induced stress 
tolerance. 
Another challenge arises from the internal variability of priming itself, in that not all 
priming protocols will lead to an improved seed germination performance: inappropriate 
priming conditions may render seeds vulnerable to stresses by inducing the degradation of 
protective proteins (Capron et al., 2000).  Moreover, the same priming protocol often has 
varied effect among species, cultivars, and even seed lots (Pill et al., 1994).  Thus, before 
studying the cellular mechanisms of priming-enhanced stress-tolerance, it is necessary to first 
determine an optimal priming protocol specific to the experimental system, i.e.  Spinacia 
oleracea L. cv. Bloomsdale in this study, with regards to the germination performance and its 
effect on seed stress-tolerance. 
 
Dual function of seed priming 
In general, seed hydration during germination entails three distinct stages: phase I, or 
imbibition stage, is largely a consequence of the matric forces, and water uptake occurs in 
either dormant or non-dormant, viable or non-viable seeds; phase II, is a lag phase with little 
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net water uptake but involves physiological transition that prepares quiescent seeds entering 
the germinating state; and phase III which marked by a sharp increase in water uptake 
coupled with radicle protrusion and growth (Bewley and Black, 1994) (Fig.1).  During 
priming, the onset of phase III water uptake is prohibited; whereas in some cases such as 
osmopriming and matric priming, the low external water potentials not only prevent radicle 
emergence but also prolong the duration of phase II in primed seeds (Fig.1).  Consequently, 
primed seeds are better prepared for germination due to the ‘head-start’ of phase II transition.  
It has been assumed that it is the advanced germination status that contributes to the 
increased germination of primed seeds under stressful conditions (Taylor et al., 2007).  
Indeed, many germination-related activities are initiated during priming to facilitate radicle 
protrusion, such as enhanced energy metabolisms, early reserve mobilization, embryo 
expansion, and endosperm weakening (Mazor et al., 1984; Corbineau et al., 2000; Benamar 
et al., 2003; Pandita et al., 2007; Sung et al., 2008; Li et al., 2010; Sun et al., 2011).   
                          
 Fig. 1.  Seed moisture status during germination and osmopriming.  During a regular germination, water uptake 
by seeds can be divided into three phases: phase I, an initial rapid imbibition; phase II, a lag phase with no net 
water uptake; phase III, a second burst of water absorption, marked with radicle protrusion.  During 
osmopriming, however, phase III is prohibited while phase II is prolonged. 
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Alternatively, the ‘specific’ stress-responsive system may also be enhanced in primed 
seeds.  For example, osmopriming induced accumulation of stress proteins, such as late 
embryogenesis abundant (LEA) proteins and heat shock proteins (HSP) (Gallardo et al., 2002; 
Gurusinghe et al., 2002; Cortez-Baheza et al., 2008; Catusse et al., 2011). The hydropriming-
specific isoform of catalase has been detected in Arabidopsis (Gallardo et al., 2001).  
Catalase, which, up-regulated at both protein and transcript levels, has been reported to 
mediate the recovery of PEG-primed sunflower seeds from aging (Kibinza et al., 2011).  
Likewise, a gene encoding peroxiredoxin , an antioxidant protein, has also been up-regulated 
during ABA priming in canola (Brassica napus) (Gao et al., 2002; Li et al., 2005).  In tomato, 
LeGOLS-1 was up-regulated specifically during ABA- and PEG-priming (Downie et al., 
2003); GOLS encodes for GALATINOL SYNTHASE (GOLS, EC 2.4.1.123), the putative 
committed enzyme in raffinose family oligosaccharides (RFO) biosynthesis pathway, and is 
responsive to cold, drought, salinity, and osmotic stress in several species (Taji et al., 2002; 
Shinozaki and Shinozaki, 2007).  Microarray analysis of primed tomato seeds further 
suggests that genes involved in cell defense cover a major percentage of all genes that are up-
regulated during priming (Ligterink et al., 2007).  Thus, priming is not a simple emulation of 
early imbibition stage of germination.  Rather, it has been proposed that priming may impose 
moderate stress on seeds, which activates the stress-responsive systems that confer a ‘cross-
tolerance’ on seeds to future exposure to stresses (Gallardo et al., 2002; Ligterink et al., 
2007).   
We hypothesized that osmopriming induced / activated both strategies, i.e. advancing 
germination-related cellular events as well as enhancing protective programs, to improve 
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seed stress-tolerance during germination.  However, of the two, we consider study of stress-
responsive system in primed seeds of particular importance since it provides a direct answer 
for the improved seed stress tolerance, and may also potentially provide priming-specific 
biomarkers that may be used to predict the effect of priming on seed lots: whether or not it 
would improve the stress-tolerance of germinating seeds.   
 
Antioxidants and dehydrins  
The target molecules we have focused on as the candidate biomarkers for priming-
induced stress-tolerance are antioxidants and dehydrins.  Both have been extensively studied 
for their roles in conferring environmental stress-tolerance.  Antioxidants are natural 
defensive elements in living organisms that scavenge excessive reactive oxygen species 
(ROS).  ROS, such as OH-, O2-, and H2O2 are generated by reduction of oxygen during 
electron transport, e.g. mitochondrial respiratory pathways (Bailly, 2004).  It is one of the 
primary immediate products in response to abiotic stresses, such as cold, heat, drought, salt, 
and light etc., and cause damage to cell membranes and macromolecules (Apel and Hirt, 
2004).  In dry mature seeds, ROS are produced from limited resources, i.e. non-enzymatic 
reactions such as lipid peroxidation and Amadori and Maillard reactions (Bailly et al., 2008).  
However, during germination, enzymes involved in the key metabolic pathways are produced, 
e.g. energy metabolism, lipid metabolisms, and photosynthesis, etc.  Resultantly, hydrated 
seeds are more capable of producing ROS than dry ones in that they can produce ROS from 
both enzymatic and non-enzymatic reactions (Bailly et al., 2008).  Antioxidants, by 
scavenging the excessive ROS during early imbibition, play an essential role in ensuring 
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successful germination, especially under stress conditions.  Currently, the activation of 
antioxidant systems during priming has been observed in several species, such as soybean, 
maize, wheat, purple coneflowers etc. (Bailly et al., 2000; Chiu et al., 2002; Chiu et al., 2006; 
Farooq et al., 2008; Sun et al., 2011).  However, a comprehensive understanding of 
antioxidants system dynamics vis-à-vis osmopriming, i.e. throughout priming and subsequent 
germination processes, is still lacking.    
Dehydrins (DHNs), also known as Group II late embryogenesis abundant proteins 
(LEAs), accumulate during seed development and are associated with acquisition of 
desiccation tolerance in orthodox seeds (Dure et al., 1981).  In recent years, numerous studies 
have reported up-regulation of DHNs in diverse species and tissues in response to various 
abiotic stresses (Close, 1997; Svensson et al., 2002; Rorat et al., 2006; Kosová et al., 2007; 
Tunnacliffe et al., 2010).  Due to their hydrophilic property, DHNs protect the tissues against 
stresses causing cellular dehydration such as drought, salinity, and cold (Close, 1996; Sarhan 
et al., 1997).  Some DHNs have also been implicated to serve as antioxidants scavenging the 
free radicals (Hara et al. 2003).  Additionally, the accumulation of DHNs is found to be 
associated with improved seed vigor (Bettey et al., 1998; Rajjou et al., 2008).  Nevertheless, 
a few questions are left unanswered with regards to the association between DHNs and 
osmopriming: in some cases depletion of DHNs were observed whereas in other cases the 
opposite was reported (Wechsberg et al., 1994; Baker et al., 1995; Capron et al., 2000; 
Gallardo et al., 2002).  Thus, again a comprehensive study of DHN metabolism vis-à-vis 
osmopriming, i.e. throughout the priming and subsequent germination processes, is 
warranted to better understand DHNs’ association with priming-induced seed stress-tolerance. 
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Research objectives 
The overall objective of this dissertation is to study the cellular mechanisms of 
osmopriming-induced stress tolerance in germinating seeds.  Spinach (Spinacia oleracea L. 
cv. Bloomsdale) was used as the experimental system due to its significant horticultural / 
food value.  More specific objectives of this research are as follows: 
• Determine an optimal osmopriming protocol for ‘Bloomsdale’ spinach with regards 
to seed germination performance under optimal conditions; and test the effect of this 
protocol on tolerance of germinating seeds to temperature and desiccation stresses 
(Chapter 2). 
• Determine the changes of antioxidant activities during osmopriming, and compare the 
antioxidant system enzymes and metabolites in unprimed and primed seeds during 
subsequent germination and early seedling establishment under optimal and stress 
conditions; goal of this objective was to gain insight into the involvement of 
antioxidant system in osmopriming-induced stress-tolerance in germinating seeds 
(Chapter 3). 
• Understand the biochemistry of osmopriming-induced seed stress tolerance from the 
aspect of DHN metabolism: investigate DHN accumulation patterns at protein and 
transcript level during priming, and subsequent germination under optimal and stress 
conditions in ‘Bloomsdale’ spinach (Chapter 4). 
• Resolve the technical challenge in using qPCR to study gene expression during seed 
priming and germination. Many routinely used reference genes (assumed to be stably 
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expressed) have varied expression during transition of seed hydration status. This 
objective was designed to evaluate the validity of eight reference genes 
(conventionally used for such purpose in the literature) and to rationalize the selection 
of the most valid one (Chapter 5). 
 
Thesis organization 
Besides the introduction and conclusions, this dissertation includes four major chapters, each 
addressing a particular question related to the biochemistry / physiology of osmopriming- 
enhanced stress-tolerance of ‘Bloomsdale’ spinach seeds.  These chapters are indeed 
manuscripts that have been published or are in press in peer-reviewed journals belonging to 
seed science and/or plant biology: Chapter 2 in Seed Science and Technology, Chapter 3 and 
4 in Plant Science, and Chapter 5 in Plant Molecular Biology Reporter. The contents (i.e. 
text, tables, and figures) of these chapters are identical to that of the final accepted versions 
of the published papers.   
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Summary   
Seed priming has been suggested to improve germination performance under temperature or 
water stress.  The objective of this study was to develop an optimal osmopriming protocol for 
spinach (Spinacia oleracea L. cv. Bloomsdale) seeds and examine its effect on the 
germination performance at suboptimal and supraoptimal temperatures, and under water 
stress.  Standard germination tests at optimal germination temperature (10 °C) was conducted 
to evaluate performance of ‘Bloomsdale’ spinach seeds primed in sixty different priming 
treatments arising from various combinations of osmoticum (PEG 8000 concentration), 
priming temperature and priming duration . Germination performance was evaluated by final 
germination percentage, germination rate, and uniformity.  An optimal priming protocol was 
selected and used to test seed germination performance at suboptimal (5 °C) and 
supraoptimal (20 °C) temperatures, and three levels of water stress  (-0.8, -1.2, and -1.6 MPa).  
Priming at -0.6 MPa at 15 °C for 8 d was the optimal protocol for osmopriming ‘Bloomsdale’ 
spinach seeds. This treatment also improved seed stress tolerance by improving germination 
performance at 5 and 20 °C, and water stress of    - 0.8 and -1.2 MPa. 
 
Introduction 
Seed priming is a presowing seed treatment that improves seed performance by 
increasing germination rate and uniformity.  Priming exposes seeds to imbibition in low 
external water potentials that allows seed partial hydration (Bradford, 1986).  In general, 
seed hydration during germination entails three distinctive stages: phase I, or imbibition 
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stage, is largely a consequence of the matric forces, and water uptake occurs in either 
dormant or non-dormant, viable or non-viable seeds; phase II, is a lag phase with little 
net water uptake but considerable metabolic activites that prepare viable nondormant 
seeds for radicle emergence ; phase III is marked by a sharp increase in water uptake 
coupled with radicle protrusion and growth (Bewley and Black, 1994).  Seed priming 
enables a relatively prolonged phase II (compared to the water absorption of unprimed 
seeds in a typical germination process), which, presumably, includes specific 
mechanism(s) that are promotive of rapid and uniform germination (Nascimento et al., 
2001).  
Seed priming may also increase the seed or seedling tolerance to stress.  Seeds of 
Solanum lycopersicum (Pill et al., 1991), Cynodon dactylon (Al-Humaid, 2002), and 
Cucumis sativus (Passam and Kakouriotis, 1994) exhibited increased final germination 
percentage in a saline environment after priming with polyethylene glycol (PEG).  Seed 
priming has also improved seed germination and seedling establishment under extreme 
temperatures and drought conditions (Carpenter and Boucher, 1991; Pill et al., 1994a; 
Szafirowska et al., 1981).  
Spinach (Spinacia oleracea L.) is an annual cool season crop, usually planted in the early 
spring when soil temperature is relatively cold.  Seed germination and early seedling 
establishment are most vulnerable to chilling, drought, and freezing, presenting a challenge 
in spinach production (Ashraf and Foolad, 2004).  Imbibitional injury is a major concern 
during germination, e.g.   rapid water absorption by dry seeds results in membrane 
irregularities, such as folds, prominences, and circular holes (Hoekstra et al., 1999).  These 
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perturbations can be exacerbated by chilling due to the inhibition of membrane 
reorganization that is required during imbibition (Bramlage et al., 1978), and may 
compromise germination performance, manifested by a low final germination percentage, 
germination rate, and uniformity.   
Spinach seed germination can also be inhibited at supraoptimal temperatures that favor 
the secretion of germination inhibitors from the pericarp (Suganuma and Ohno, 1984).  
Mechanical removal of the pericarp promoted germination in spinach at supraoptimal 
temperatures; however, above 25ºC, germination rate and final germination percentage (FGP) 
decreased even after the removal of the pericarp (Atherton and Farooque, 1983a).  Atherton 
and Farooque (1983b) determined the optimal osmopriming conditions to improve spinach 
seed germination at the supraoptimal temperature (30 °C) to be -1.25 MPa PEG at 10 °C  for 
fourteen days (d).  However, Masuda and Konishi (1993) found a FGP of less than 50% at 
25 °C in spinach seeds primed with a similar protocol (at -1.3 MPa and 10 °C for 14 d).  
Masuda et al. (2005) suggested pretreating spinach seeds with sulfuric acid followed by 
osmopriming, halopriming, or sea water priming to reduce their sensitivity to high 
temperatures. However, spinach seeds of different sizes responded differently to acid 
scarification (Masuda et al., 2005), increasing the variability of germination performance 
within the same seed lot.  Under such a scenario, a different priming protocol may be needed 
to improve spinach seed germination performance at supraoptimal temperatures.   
Water stress is another critical environmental factor that restricts seed germination. 
Desiccation tolerance, acquired by orthodox seeds during the late embryogenesis stage, is 
progressively lost during germination (Senaratna and McKersie, 1983; Koster and Leopold, 
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1988). Using the survival rates of germinating Pisum sativum seeds dried into different 
moisture contents, Reisdorph and Koster  (1999) demonstrated that different seed moisture 
levels were correlated with different degrees of dehydration injury, such as the moisture 
content at incipient injury versus that at which most seeds were injured.  A similar study with 
nine diverse species also indicated that the loss of desiccation tolerance (estimated by 
germination performance of seeds with variable initial moisture status but desiccated 
uniformly) was correlated with seed moisture status, i.e. most hydrated seeds were most 
injured (Daws et al., 2007). Thus, water stress could be detrimental or even lethal to the 
germinating seeds, especially if it occurred when the seeds were hydrated beyond a critical 
moisture content. 
While a different priming protocol may be needed to improve spinach seed germination 
at supraoptimal temperatures, little work has been done on investigating the effect of seed 
priming on seed germination performance at low temperatures.  A comprehensive study 
comparing the different priming conditions is, therefore, needed to develop an optimal 
protocol and test its effects on the tolerance of germinating seeds to environmental stresses.  
 The objective of the present study was to develop an optimal osmopriming protocol, 
which would improve germination of spinach seeds under both favorable and stressful 
conditions.  A standard cultivar of spinach, ‘Bloomsdale’, was selected for this investigation.  
Germination performance was evaluated by final germination percentage, germination rate, 
and uniformity.  An ideal osmopriming protocol should result in a high final germination 
percentage, germination rate, and uniformity.  Moreover, primed seeds were expected to 
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outperform unprimed seeds under a stressful germination environment, such as sub- and 
supraoptimal germination temperatures, and water stress. 
 
Materials and Methods 
 
Materials 
Spinach seeds (Spinacia oleracea L. cv. Bloomsdale) were procured from Stokes Seeds, Inc. 
(Buffalo, NY).  Thirty randomly selected seeds within a 9-cm-diameter petri dish constituted 
an experimental unit for all experiments. Seeds were surface sterilized by soaking in 0.6% 
sodium hypochlorite (v/v) for ten seconds (s), followed by three 10-s rinses in the sterile 
distilled, deionized  (dd) water, and then dried. 
 
Determining the optimal germination temperature 
Surface-sterilized seeds were germinated in 9 cm diameter petri dishes with four layers of 
paper towel moistened with 5 ml of sterile dd water.  Petri plates covers were sealed with 
parafilm.  Paper towels were maintained at uniform moisture by adding the same volume of 
dd water at the same time in each peri dish as needed.  Standard germination tests were 
conducted at 5, 10, 15, and 20 ºC in dark.  Three replicates of 30 seeds each were evaluated 
at each germination temperature.  Germination was defined as protrusion of a visible radicle 
to ≥ 1 mm.  Daily germination percentage was recorded and subjected to statistical analysis. 
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Determining the optimal osmopriming protocol  
A three-way factorial experimental design was used to compare different priming conditions.  
Surface-sterilized seeds were osmoprimed at 10, 15, or 20 ºC in darkness for 4, 6, 8, or 10 d       
at -0.4, -0.6, -0.8, -1.0, or -1.2 MPa with PEG 8000 solutions (figure 1). 
The osmotic potentials of priming agents were determined according to Michel (1983).  
The priming treatments were carried out in 9 cm diameter petri dishes with four layers of 
paper towel moistened with 5 ml of the PEG solution, with three replicates of 30 seeds each 
per treatment. After priming, the seeds were washed in dd water for two minutes (min), and 
dried for 48 h at 25 °C to the original moisture content   (~9-10%) as the unprimed seeds and 
immediately used for germination tests.   
Primed and unprimed control (UPC) seeds were also surface sterilized, and germinated 
(in 9 cm diameter petri dishes as described before) at the optimal germination temperature 
(determined previously) in the dark.  Final germination percentage (FGP), germination rate, 
and germination uniformity were recorded to evaluate germination performance.  
Germination rate (T50) was defined as days needed to reach 50% of FGP.  Germination 
uniformity (T10-90) was defined as days needed for 10% of FGP to 90% of FGP.  Priming 
treatments that provided a relatively higher FGP, lower T50, and lower T10-90 compared to the 
unprimed seeds and that from the other priming treatments (osmotic potential × temperature 
× duration) were considered as optimal. 
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Germination tests under temperature-stress 
Seeds were osmoprimed using a selected optimal protocol.  After priming, seeds were 
washed and dried following the procedures described before.  The osmotic potential of the 
PEG 8000 solution was measured before and after the priming by using a vapor pressure 
osmometer (VAPRO 5520; Wescor Inc., Logan, UT).  Priming-control (PC), defined as 
seeds treated at the same priming temperature and duration but without the priming agent, 
and UPC seeds were included in all germination tests.  Primed, UPC, and PC seeds were 
germinated at 5 ºC (suboptimal germination temperature), 10 ºC (optimal), or 20 ºC 
(supraoptimal).  FGP, T50, and T10-90 were recorded and compared among the three groups.  
 
Germination tests under water stress 
Primed, UPC, and PC seeds were germinated at 10 °C at three levels of water stress: -0.8 
MPa,   -1.2 MPa, and -1.6 MPa (imposed by PEG 8000 solutions at 0.236, 0.292, and 0.339 g 
ml-1, respectively).  FGP, T50, and T10-90 were recorded and compared among the three 
treatments. 
 
Data analysis 
Data from all experiments were analyzed using the general linear models (GLM) procedure 
and the least significant difference option of Statistical Analysis System software version 
9.1.3 (SAS Institute, Cary, NC). 
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Results 
 
Optimal germination temperature 
Seed germination performance (i.e. FGP, germination rate and uniformity) was in general 
inferior at 5 and 20 ºC (figure 2).  At 20 ºC, although the germination rate and uniformity was 
higher (T50 of 6 d and T10-90 of 4.6 d) compared to that at 10 and 5 °C (T50 of 7.8 d and T10-90 
of 6.2d at 10 °C, and 13.9 d and 11.8 d at 5 °C), the average FGP was less than 50%.   
At 5 ºC, visible radicle protrusion was observed 9 d after water imbibition, when the 
germination percentage at the other three temperatures were already 35.6% (20 ºC), 52.2% 
(15 ºC), and 54.4% (10 ºC).  
Seeds germinated at 10 ºC had a germination percentage of 86.7%, which was higher 
than the other three temperatures (40%, 64.4%, and 75.6% at 20, 15, and 5 °C, respectively) 
(p < 0.05).  The highest germination rate was observed at 15 ºC (T50 of 6.2 d), which was not 
different from that at 20 °C but higher than that at the other two temperatures (7.8 d and 13.9 
d at 10 and 5 °C, respectively). Similarly, the greatest germination uniformity was observed 
at 20 °C (T10-90 of 4.6 d), which was not significantly different from that at 15 °C (5.5 d) but 
higher than that at the other two temperatures (6.2 d and 11.8 d at 10 and 5 °C, respectively).  
However, T10-90 between 15 and 10 °C were not significantly different.   Although based on 
the combined results of FGP, T50, and T10-90, 10-15 °C appeared to be the optimal 
temperature range for germination of ‘Bloomsdale’ spinach seeds, the FGP at 15 ºC was 
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significantly less (p < 0.05) than that at 10 ºC (64.4% vs 86.7%).  Thus, 10 ºC was adjudged 
to be the optimal temperature for all germination tests in this study. 
 
Optimal priming conditions  
Based on comparative evaluation of FGP, T50, and T10-90 data generated for a total of 
sixty priming protocols in the present study, the priming protocols were divided into 
three groups, represented by “poor germination”, “unimproved germination”, and 
“improved germination” (table 1). Priming protocols yielding inferior germination 
performance based on at least one of the three parameters, i.e., resulting in either lower 
(FGP) or higher (T50 or T10-90) than unprimed seeds (p < 0.05), were defined as the 
“poor germination” group.  Similarly, protocols that significantly improved at least one 
of the three parameters (higher FGP, lower T50, or lower T10-90), while keeping the other 
two not inferior to unprimed seeds, were defined as the “improved germination” group.  
Lastly, protocols resulting in no significant difference in FGP, T50, and T10-90 compared 
to unprimed seeds (p > 0.05) were identified as the “unimproved germination” group.  
There were no significant differences among priming protocols within the same group.  
For ease of understanding, three representative protocols (one from each group) were 
selected and are presented in figure 3: -0.4 MPa at 20 ºC for 10 d (“poor germination” 
group), -1.2 MPa at 10 ºC for 4 d (“unimproved germination” group), and -0.6 MPa at 
15 ºC for 8 d (“improved germination” group).  Treating seeds with -0.6 MPa PEG 8000 
at 15 ºC for 8 d was determined to be an “optimal” osmopriming protocol for 
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‘Bloomsdale’ spinach seeds, since it resulted in a greatest FGP, and lowest T50 and T10-
90 among the total sixty treatments ( p < 0.05). 
The osmotic potential of priming agent (PEG 8000) was also measured before and 
after 8-d of priming. No significant difference was observed between the two 
measurements  (-0.6 MPa and  -0.7 MPa,  respectively). 
 
Germination of primed and unprimed seeds under temperature-stress  
Germination performance of UPC and PC seeds were not different (p > 0.05) at 5 ºC 
(chilling) or 20 ºC (supraoptimal).  However, primed seeds resulted in a 16% greater 
FGP than UPC seeds at 5 ºC, whereas at 20 ºC primed seeds had an average FGP of 
55% that was 30% greater than UPC seeds (table 2).  Moreover, T50 and T10-90 of primed 
seeds were reduced by ~7 d and ~3 d, respectively, compared to UPC seeds at 5 ºC 
(table 2).  Similarly, T50 of primed seeds was reduced by 5 d at 20 ºC, but T10-90 was not 
different from the unprimed seeds (table 2). 
 
Germination of primed and unprimed seeds under water stress  
Germination performance of UPC and PC seeds were not different (p > 0.05) under any of 
the three levels of water stress.  When germinated at -0.8 MPa, the FGP of primed seeds was 
not different compared to PC and UPC seeds, but germination rate and uniformity of primed 
seeds were greater than the two controls (p < 0.05) (T50 of 11 d and T10-90 of 15 d in primed 
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seeds compared to 17.7 d and 18.3 d, respectively, in UPC seeds) (table 3).  At -1.2 MPa, 
primed seeds had a higher FGP and lower T50 than UPC and PC seeds (p < 0.05), but T10-90 of 
primed seeds was not different from the two controls (p > 0.05) (table 3).  Germination at -
1.6 MPa PEG was most severely inhibited and almost no seed germination was observed in 
either of three treatments (data not shown) 
At -0.8 MPa PEG 8000, primed, UPC, and PC seeds exhibited greater FGP, and lower 
T50 and T10-90 compared to seeds germinated under the other two water stresses (table 3).  
The inhibition of germination brought by -1.2 MPa PEG was greater than -0.8 MPa (table 3).            
 
Discussion 
 
Optimal priming protocol  
Seed priming prolongs phase II of the germination process, where considerable 
metabolic activities take place that prepare germinating seeds for radicle emergence, 
such as DNA repair (Boubriak et al., 1997), DNA  replication, β-tubulin accumulation 
(Bino et al., 1992; De Castro et al., 1995), and mobilization of storage proteins (Job et 
al., 1997). Thus, primed seeds with a prolonged phase II are likely more prepared for 
germination than unprimed seeds.  
 However, an improper control of seed priming may result in negative effects on 
germination.  For example, 60% of pretreated seeds of Beta vulgaris failed to germinate 
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when primed at -2.0 MPa and 25 °C for 14 d by PEG 8000 (Capron et al., 2000).  We 
made a similar observation in our study of ‘Bloomsdale’ spinach seeds where seeds 
primed at -0.4 MPa and 20 °C for 10 d had a reduced FGP of 59.2% when germinated at 
10 °C compared to unprimed seeds with an FGP of 83.3% (figure 3).  Capron et al. 
(2000) suggested that improper control of seed partial hydration may cause degradation 
of protective proteins (such as LEA), and render the primed seeds desiccation-intolerant.  
In our study, spinach seeds were dried for 2 d after priming before being used for 
germination tests.  Thus, the inferior germination (at -0.4 MPa and 20 °C for 10 d) may 
have been, in part, due to drying of desiccation intolerant seeds.   
We also found priming protocols that resulted in unimproved germination compared 
to unprimed seeds (such as at -1.2 MPa and 10 °C for 4 d) (table 1, figure 3).  Water 
uptake is expected to be greatly reduced when seeds are primed at a low osmotic 
potential, relatively cooler temperature and for a short priming duration.  Therefore, we 
suggest that primed seeds exhibiting an unimproved germination may not have 
experienced partial hydration period that was sufficiently long to allow germination-
promoting metabolism during the phase II.   
In the present study, priming seeds at -0.6 MPa at 15 ºC for 8 d clearly improved 
germination by increasing germination rate and uniformity, and maintaining a high FGP 
(figure 3).  Thus, this protocol was used as the optimal priming protocol for germination 
tests under stress conditions.  The present study is the first to provide an optimal 
osmopriming protocol to improve germination of spinach seeds, specifically 
‘Bloomsdale’ cultivar.  This study also provides an experimental framework for 
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determining optimal protocols for other spinach cultivars and plant species.  For 
example, a similar priming protocol was used by Pill et al. (1994b) to test seed 
germination performance of Echinacea purpurea.  In their study, metrically and 
osmotically priming seeds for 10 d at -0.4 MPa and 15 °C resulted in highest 
germination percentage, rate, and uniformity among the total eight protocols examined 
(Pill et al., 1994). 
 
Seed priming increases temperature-stress tolerance  
Osmopriming improved ‘Bloomsdale’ spinach seed germination performance at 5 ºC as 
indicated by higher FGP and lower T50 and T10-90 (table 2), indicating an improved 
chilling tolerance.  Reports from other species, such as Capsicum annuum (Pandita et al., 
2007) and Momordica charantia (Lin and Sung, 2001), also suggested that priming 
improved seed germination at suboptimal temperatures.  
 We incorporated two sets of control in this study: UPC and PC seeds.  The only 
difference between PC and UPC seeds lies in a pre-treatment of PC seeds at 15 ºC for 8 
d without partial hydration.  To exclude the possibility that priming temperature may 
influence germination independently rather than through controlling seed partial 
hydration, we compared the germination performance between UPC and PC seeds also 
at the suboptimal temperature.  No difference was observed between the germination of 
UPC and PC seeds, suggesting that seed partial hydration is likely the primary regulator 
of improved chilling tolerance.  The mechanism of priming-induced improvement of 
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seed germination at suboptimal temperatures is unclear.  However, several metabolic 
changes in primed seeds have been suggested to correlate with improved tolerance of 
suboptimal temperatures, such as increased activities of antioxidant system (Bailly et al., 
2000; Posmyk et al., 2001) and glyoxylate cycle (Lin and Sung, 2001), and further 
development of embryo during priming (Lin and Sung, 2001; Pandita et al., 2007). 
Our data indicated that osmopriming also resulted in a significant improvement of 
seed germination at 20 °C (a supraoptimal temperature) by increasing ‘absolute’ FGP by 
12.6% (~30 % gain on a relative scale) and lowering T50 by 5 d (~65% gain in 
germination speed) compared to that of UPC seeds at the same temperature (table 2).  
However, the germination performance of primed seeds at 20 °C was inferior to those 
germinated at 10 °C (optimum temperature): the average FGP of primed seeds 
germinated at 20 °C was 55% compared to 86.2% at 10 °C (table 2).  This reduction in 
germination performance might be akin to “thermoinhibition” (Atherton and Farooque, 
1983b; Leskovar and Esensse, 1999). It is conceivable that at supraoptimal temperature, 
the germination was restricted by germination inhibitors.  Pericarp of spinach seed has 
been reported to be a source of water-soluble germination inhibitors particularly at 
relatively higher temperatures (Suganuma and Ohno, 1984). These authors further 
suggested that ‘thermoinhibition’ might also be mediated by the pericarp acting as a 
physical barrier to oxygen uptake (Suganuma and Ohno, 1984; Leskovar and Esensse, 
1999).  Improved germination of primed ‘Bloomsdale’ spinach seeds at supraoptimal 
temperature may be associated with leaching of germination inhibitors during 
osmopriming in PEG 8000 solution, as also suggested by Heydecker (1977).  Atherton 
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and Farooque (1983b) also proposed that osmopriming spinach seeds at lower 
temperatures (such as used in the present study, i.e. 15 °C) enabled the completion of 
metabolism that was beneficial for germination whereas such metabolism was perhaps 
inhibited at high temperatures, hence an improved germination performance of primed 
seeds at supraoptimal temperatures. Our observations are consistent with this 
explanation (table 2).  
There are contradictory reports in literature on the optimal osmopriming protocol 
that improves spinach seed germination at high temperatures.  Atherton and Farooque 
(1983b) were able to increase the FGP of spinach seeds at 30 °C to above 80% by 
priming at -1.25 MPa and 10 °C for 14 d, whereas Masuda and Konishi (1993) observed 
an FGP of less than 50% at the same temperature using a similar protocol.  It was 
suggested that an osmopriming treatment alone was not sufficient to improve spinach 
seed germination at warmer temperatures, and that combination of acid scarification (to 
remove pericarp) and priming could potentially be more effective (Masuda and Konishi, 
1993).  Masuda et al. (2005) later reported a significant increase in FGP of spinach 
seeds (to more than 80% at 30 °C) that were both scarified and osmoprimed.  We found 
a significantly improved germination at 20 °C by only priming ‘Bloomsdale’ spinach 
seeds at -0.6 MPa and 15 °C for 8 d (table 2).  Although the stress temperature used by 
Masuda and Konishi (1993) was 10 °C greater than ours, the optimal germination 
temperature of the spinach cultivar used in their study (‘Jiroumaru’) also was 10 °C 
greater than ours.  Therefore, it is possible that our osmopriming protocol could indeed 
improve germination performance even at 30 °C of ‘Jiroumaru’ spinach seeds. 
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 It is noteworthy that primed seeds had a greater FGP at 5 °C than at 20 ºC (table 2). 
Perhaps, the generation or transport of germination inhibitors by pericarp might be 
restricted under low temperatures, thus allowing better germination performance by the 
primed seeds under chilling conditions than at high temperatures. 
 
Seed priming increases tolerance to water stress 
Orthodox seeds acquire desiccation tolerance in the late embryogenesis stage, and 
gradually lose this ability upon water imbibition.  Our results indicate that priming 
‘Bloomsdale’ spinach seeds with -0.6 MPa PEG at 15 °C for 8 d enhanced desiccation 
tolerance in germinating seeds: at -0.8 MPa desiccation stress, primed seeds exhibited 
improved germination rate and uniformity while improved FGP and germination rate 
were observed at -1.2 MPa stress treatment (table 3).  A similar finding was reported for 
Helianthus annuus seeds where hydropriming at 25 °C for 48 h improved germination 
rate under osmotic stresses imposed by PEG and sodium chloride (Kaya et al., 2006).  
Moreover, improved germination and radicle growth under salinity also were observed 
in Sorghum bicolor seeds primed with -0.86 MPa PEG at 15 °C for 48 h (Patanè et al., 
2009), a similar osmopriming protocol as used in the present study.  Thus, proper 
priming may possibly increase seed tolerance to reduced water uptake caused by either 
water stress or salinity.  It is possible that osmopriming initiates certain protective 
mechanisms against desiccation stress. For example, Hu et al. (2006) found that priming 
enhanced the activities of antioxidant systems and reduced malondialdehyde 
accumulation in seeds germinated under salinity.  Environmental stresses such as low 
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temperatures, salinity, and drought are known to cause excessive accumulation of 
reative oxygen species and lipid peroxidation in plants (Mittler and Zilinskas, 1994).  It 
is possible that improved desiccation tolerance of primed seeds may, in part, be due to 
more robust antioxidant systems.   
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Table 1. Priming protocols of spinach seeds (Spinacia oleracea L. cv. Bloomsdale ) classified into different groups.  Three factors were tested 
to control priming effect: priming temperature (three temperatures: 10, 15 and 20 °C), duration (4 durations: 4, 6, 8, and 10 d), and the osmotic 
potentials of PEG 8000 (5 concentrations: -0.4, -0.6, -0.8, -1.0 and -1.2 MPa).  A three-way factorial experiment (3×4×5) design was used to 
compare different priming protocols.  Final germination percentage (FGP), germination rate (T50), and germination uniformity (T10-90) were 
used to evaluate germination performance of seeds primed at different conditions, based on which 60 priming protocols were categorized in 
three priming protocol groups (for details see “Methods” and “Results”).  
 Priming duration (day) 
Priming protocol group: 
 
4 6 8 10 
Osmotic potential (MPa) × temperature (°C) 
Poor germination ---z 
--- 
--- 
--- 
--- 
--- 
--- 
--- 
--- 
--- 
--- 
--- 
-0.4 × 10 
--- 
--- 
--- 
--- 
--- 
-0.4 × 10 
-0.4 × 15 
-0.4 × 20 
-0.6 × 20 
-0.8 × 20 
-1.0 × 20 
Unimproved germination -0.4 × 10 
-0.4 × 15 
-0.4 × 20 
-0.8 × 10 
-0.8 × 20 
-1.0 × 10 
-1.2 × 10 
-0.4 × 10 
-0.6 × 10 
-0.6 × 15 
-0.8 × 20 
-1.0 × 15 
-1.2 × 10 
--- 
-0.4 × 15 
-0.4 × 20 
-0.8 × 10 
-0.8 × 20 
-1.0 × 20 
-1.2 × 10 
--- 
-0.8 × 10 
-1.0 × 10 
-1.2 × 20 
--- 
--- 
--- 
--- 
Improved germination -0.6 × 10 
-0.6 × 15 
-0.6 × 20 
-0.8 × 15 
-1.0 × 15 
-0.4 × 15 
-0.4 × 20 
-0.6 × 20 
-0.8 × 10 
-0.8 × 15 
-0.6 × 10 
-0.6 × 15 
-0.6 × 20 
-0.8 × 15 
--- 
-0.6 × 10 
-0.6 × 15 
-0.8 × 15 
--- 
--- 
 -1.0 × 20 
-1.2 × 15 
-1.2 × 20 
--- 
-1.0 × 10 
-1.0 × 20 
-1.2 × 15 
-1.2 × 20 
-1.0 × 10 
-1.0 × 15 
-1.2 × 15 
-1.2 × 20 
-1.0 × 15 
-1.2 × 10 
-1.2 × 15 
--- 
z“---” no protocols could be classified into this category. 
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Table 2. Comparison of final germination percentage (FGP), germination rate (T50) , 
and germination uniformity (T10-90) of primed, priming-control (PC), and unprimed 
control (UPC) seeds under the suboptimal (5 °C), optimal (10 °C), and supraoptimal 
(20 °C) temperatures. Spinach (Spinacia oleracea L. cv. Bloomsdale) seeds were 
primed at -0.6 MPa at 15 °C for 8 d, and dried at 25 °C for 48 h before germination 
tests.  Standard germination tests were conducted at 5, 10, and 20 °C.  T50 was 
defined as days needed to reach 50% of FGP.  T10-90 was defined as days between 
10% and 90% of FGP.   
zValues represent the average of three replicates per treatment. 
Germination 
Temperature 
(°C) 
 Seed 
Treatment 
FGP 
(%)z 
T50 
(d) 
T10-90 
(d) 
5 
 
UPC 75.5 ay 14.0 a 11.3 a 
PC 72.2 a 13.0 a 10.6 ab 
Primed 87.7 b 7.3 b 8.6 b 
10 UPC 83.3 a 9.3 a  7.3 a 
PC 85.0 a 10.0 a 7.0 a 
Primed 86.2 a 3.7 b 5.7 b 
20 UPC 42.4 a 7.7 a 6.0 a 
PC 39.4 a 7.3 a 7.0 a 
Primed 55.0 b 2.7 b 5.7 a 
yMeans within the same columns at the same temperatures followed by the same letter are 
not different at p ≤ 0.05 according to Fisher’s least significant difference test. 
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Table 3. Comparison of final germination percentage (FGP), germination rate (T50) , and 
germination uniformity (T10-90) of primed, PC, and UPC seeds under different levels of 
water stress.  Water stress was imposed by PEG 8000 solutions of two osmotic potentials: 
-0.8 and       -1.2 MPa.  Spinach (Spinacia oleracea L. cv. Bloomsdale) seeds were 
primed with -0.6 MPa PEG 8000 at 15 °C for 8 d, and dried at 25 °C for 48 h.  Standard 
germination tests were conducted at 10 °C.  T50 was defined as days needed to reach 50% 
of FGP.  T10-90 was defined as days between 10% and 90% of FGP.   
Water stress 
(MPa) 
Seed 
Treatment 
FGP 
(%)z 
T50 
(d) 
T10-90 
(d) 
-0.8 
 
UPC  84.4 ay 17.7 a 18.3 a 
PC  82.3 a 18.3 a 18.0 a 
Primed  78.9 a 11.0 b 15.0 b 
-1.2 
 
UPC 21.1 a 29.0 a 26.0 a 
PC  16.7 a 27.7 a 21.0 a 
Primed  54.4 b 16.3 b 20.0 a 
zValues represent the average of three replicates per treatment. 
yMeans within the same columns at the same level of water stress followed by the same 
letter are not different at  p ≤ 0.05 according to Fisher’s least significant difference test. 
 
 
 
44 
 
 
 
Figure Captions 
 
Figure 1. Comparison of germination of spinach (Spinacia oleracea L. cv. Bloomsdale) 
seeds under different temperatures.  Data presented are means from three replicates with 
standard errors. 
 
Figure 2. Comparison of final germination percentage (FGP) (A), germination rate (T50) 
(B), and germination uniformity (T10-90) (C) of spinach (Spinacia oleracea L. cv. 
Bloomsdale ) seeds osmoprimed (PEG 8000) with different priming conditions.  Three 
priming protocols: -0.4 MPa at 20 °C for 10 d (-0.4×20×10), -1.2 MPa at 10 °C for 4 d (-
1.2×10×4), and -0.6 MPa at 15 °C for 8 d (-0.6×15×8) representing “poor”, “unimproved”, 
and “improved germination” group, respectively, were selected for comparison (see 
“Results” and Table 1).  Unprimed control (UPC) seeds were used as comparison. Seeds 
from three priming treatments and UPC were germinated at 10 °C. Data presented are 
means with standard errors from three replicates containing 30 seeds each. T50 was 
defined as days needed to reach 50% of FGP.  T10-90 was defined as days between 10% 
and 90% of FGP. 
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ABSTRACT 
Osmopriming is a pre-sowing treatment that improves seed germination performance 
and stress tolerance. To understand osmopriming physiology, and its association with 
post-priming stress tolerance, we investigated the antioxidant system dynamics during 
three stages: during osmopriming, post-priming germination, and seedling establishment. 
Spinach seeds (Spinacia oleracea L. cv. Bloomsdale) were primed with -0.6 MPa PEG 
at 15 °C for 8 d, and dried at room temperature for 2 d. Unprimed and primed 
germinating seeds/seedlings were subjected to a chilling and desiccation stress. 
Seed/seedling samples were collected for antioxidant assays and germination 
performance and stress tolerance were evaluated. Our data indicate that: (1) during 
osmopriming the transition of seeds from dry to germinating state represses the 
protective antioxidant system residing in dry seeds (reduced activities of CAT and SOD) 
but stimulates that in imbibed seeds (increased activity of AsA-GSH cycle); (2) a 
renewal of antioxidant system, possibly required by seedling establishment, occurs 
during late germination; (3) osmopriming strengthens the antioxidant system and 
increases seed germination potential, resulting in an increased stress tolerance in 
germinating seeds. Osmopriming-mediated promotive effect on stress tolerance, 
however, may diminish during the seedling growth. 
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Keywords: germination potential, PEG-priming, reactive oxygen species, stress 
tolerance 
Abbreviations: APX, ascorbate peroxidase; AsA, ascorbic acid; CAT, catalase; GSH, 
reduced glutathione; MDA, malonaldehyde; ROS, reactive oxygen species; SOD, 
superoxide dismutase  
 
1. Introduction 
Seed priming exposes seeds to imbibition in low external water potentials that allows 
partial imbibition but prevents germination [1].  Osmopriming is a type of seed priming 
that often uses solutions of polyethylene glycol (PEG) as the priming reagent.  As a result, 
the seed imbibition in PEG solutions is restricted to only partial hydration, and primed 
seeds tend to have an improved seed performance indicated by greater germination rate 
and uniformity.  Evidence is accumulating that osmopriming also increases stress 
tolerance of germinating seeds.  For example, seeds of tomato, Bermuda grass, and 
cucumber exhibited increased final germination percentage under a saline environment 
after osmopriming, while PEG-primed spinach seeds had greater chilling and heat 
tolerance [2, 3, 4, 5].   
Several cellular events and metabolic pathways have been investigated to understand 
the physiology of osmopriming and its association with stress tolerance, including cell 
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division and elongation, induction of stress-responsive proteins (heat-shock proteins and 
late embryogenesis abundant proteins), plasma membrane fluidity, H+-ATPase activity, 
and changes in transcriptome and proteome [6, 7, 8, 9, 10].  Additionally, changes in the 
antioxidant system activity have received considerable attention in relation to 
osmopriming physiology. The function of antioxidant system is to scavenge the reactive 
oxygen species (ROS) induced by stresses and various physiological processes during 
seed development, storage, and germination [11,12].   
A full germination (from early imbibition to radicle protrusion) requires protection by 
antioxidants against ROS that are typically produced during these stages [11].  Bailly et al. 
[13] found up-regulated catalase (CAT) activity to be associated with enhanced 
germination performance in sunflower seeds.  Similar findings were reported in purple 
coneflower, Arabidopsis, and tomato [8, 14, 15].  Moreover, a robust antioxidant system 
is also of essential importance in young seedlings (i.e. post-germination) to maintain 
normal photosynthesis and stress response, since more ROS-generating sites potentially 
emerge with the development of organelles in seedlings [11,16]. 
Antioxidant system is a multifactorial network composed of various enzymes such as 
CAT, superoxide dismutase (SOD), and ascorbate peroxidase (APX), as well as non-
enzymatic compounds such as ascorbic acid (AsA) and reduced glutathione (GSH), each 
with a specific function. For example, CAT degrades H2O2 (one of the most common 
ROS in plant tissues) into H2O and oxygen, whereas APX- mediated H2O2 catalysis is 
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dependent upon AsA-GSH cycle.  AsA serves as election donor to activate H2O2 
degradation by APX, and GSH and enzymes such as glutathione reductase, 
dehydroascorbate reductase, monodehydroascorbate reductase are responsible for AsA 
regeneration.  Moreover, different antioxidant components can have different functioning 
patterns at the same developmental stage.  For example, CAT was active in both dormant 
mature and germinating seeds, whereas APX activity could not be detected in 
physiological quiescent seeds [12].   
To elucidate the physiological/biochemical mechanism of osmopriming-mediated 
improved germination performance and stress tolerance, it may be helpful to investigate 
the changes in antioxidant systems not only during osmopriming, but also during post-
priming germination and early seedling establishment.  No study till date has attempted 
such comprehensive investigation of antioxidant dynamics as it relates to osmopriming.  
We have earlier reported an optimal osmopriming protocol for ‘Bloomsdale’ spinach and 
demonstrated its beneficial effect on tolerance of germinating seeds to suboptimal and 
supraoptimal temperatures, and drought stress [5].  In the present study, we further 
explore the physiology of osmopriming and investigate the dynamics of antioxidant 
systems during seed osmopriming, subsequent germination, and during seedling growth.  
Addtionally, we studied changes in antioxidant system during germination and early 
seedling growth under drought and chilling stresses.  We focused on the 
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abundance/activities of APX, AsA, and GSH as representatives of AsA-GSH antioxidant 
cycle, and CAT and SOD to represent alternative ROS-scavenging pathways.  
 
2. Materials and methods 
2.1.   Priming treatment and sample collection during osmopriming 
Spinach seeds (Spinacia oleracea L. cv. Bloomsdale) were procured from Stokes 
Seeds, Inc. (Buffalo, NY). Thirty randomly selected seeds within a 9-cm-diameter petri 
dish constituted an experimental unit for all experiments. Seeds were surface - sterilized 
and primed with -0.6 MPa PEG 8000 at 15 °C according to Chen et al. [5].  
Seeds were collected when primed for 1, 2, 4, and 8 days (d), and rinsed with distilled 
deionized water (dd H2O) for 2 min to wash off the PEG solutions from the surface of the 
seeds. A subsample of 8-d primed seeds was slowly dried at room temperature for 2 d to 
their original (non-primed) moisture content (~9–10%) as described in Chen et al. [5]. 
Unprimed seeds were used as control. 
 
2.2.   Sample collection during post-priming germination under normal and stress 
environments 
Eight-day primed and subsequently dried seeds (as above) were used for this part of 
the investigation. Unprimed and primed seeds were surface sterilized and germinated at 
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10 °C with dd H2O (control/normal germination environment), 5 °C with dd H2O 
(chilling treatment), and10 °C with -0.8 MPa PEG (desiccation treatment), respectively, 
according to Chen et al. [5].  Seeds were collected at 5, 10, and 15 d after germination, 
and the germination percentage and radicle length were measured. Non-germinated 
unprimed and primed seeds were used as control. The collected seed samples for all 
treatments were frozen in liquid nitrogen, and stored at -80 °C. 
 
2.3.   Sample collection during post-germination under normal and stress 
environments 
Primed and unprimed seeds were sown in Sunshine LC-1 mix (Seba Beach, Alberta, 
Canada) and placed in a controlled environment chamber at 15 ± 1°C (Chen et al, 2010) 
with a 12 h photoperiod, and average irradiance of ~ 80 µmol·m-2·s-1 at seedling height 
provided by incandescent and fluorescent lights [5,17].  Seedlings were watered as 
needed. Five-week-old seedlings (primed and unprimed) were exposed to drought 
(withhold irrigation) and chilling (growth temperature of 4 °C) stresses. Non-stressed 
seedlings from unprimed and primed seeds were used as control. 
For the chilling stress, seedlings were moved into a growth chamber maintained at 4 ± 
1 °C.  The aerial parts of the seedlings were collected for biochemical assays when 
stressed for 1, 3, or 7 d of chilling. After 7 d, seedlings were moved back to 15 °C and 
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again sampled after a week of “recovery” period. Non-stressed controls (unprimed and 
primed) were collected at the same time as stressed and recovered seedlings. 
For the drought stress, seedlings were grown at 15 °C and 12 h photoperiod (as 
mentioned above) and watering was withheld for 9 d (sufficient to induce incipient 
wilting) and 11 d (with more severe but reversible wilting).  Again, the aerial part of the 
seedlings were collected and stored at – 80 °C.  After 11 d of water-stress, normal 
watering was restored for a week to allow the recovery from drought stress. Non-stressed 
control seedlings (unprimed and primed) were collected at the same time as stressed and 
recovered seedlings. 
 
2.4.   Measurement of MDA and antioxidant system components 
Seeds/seedlings collected from all treatments were stored at – 80 °C until used for 
antioxidant assays. Before the extraction, samples were first ground into fine powder with 
liquid nitrogen. 
 
2.4.1. MDA assay — measurement of lipid peroxidation 
Malonaldehyde (MDA) content of seeds was measured according to Dhindsa et al. [18] 
and Shi et al. [19] to determine the level of lipid peroxidation under various treatments.  
Ground tissues (0.1 g) were mixed with 1.5 ml of 10% trichloroacetic acid (TCA) and 
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centrifuged at 10, 000 g for 15 min, and supernatant (350 µl) was mixed with 350 µl of 
0.6% (w/v) thiobarbituric acid. The resulting mixture was heated at 95 °C for 30 min and 
then quickly cooled on ice for 5 min. After centrifugation at 10, 000 g for 10 min at 4 °C, 
the absorbance of the reaction mixture was measured at 450, 532 and 600 nm. The MDA 
concentration (µM) was calculated according to the formula below: 
[MDA] = 6.45 × (A532 – A600) − 0.56 × A450  
(A532, A600, and A450 represent the absorbance of the mixture at 450, 532, and 600 nm, 
respectively. 
 
2.4.2.  Measurement of antioxidant enzymes activity 
Ground seeds (0.15 g) were mixed with 1 ml of 100 mM potassium phosphate buffer 
(pH 7.0), and centrifuged at 20,000 g for 20 min at 4 °C.  Supernatant was collected and 
used for enzyme assay. 
For CAT (EC.1.11.1.6) activity, the reaction mixture included: 780 µl (for seeds) or 
810 µl (for seedlings) of 100 mM potassium phosphate buffer (pH 7.0), 50 µl (for seeds) 
or 20 µl (for seedlings) of enzyme extract, and 120 µl of 50 mM H2O2 solution. One unit 
of CAT activity was defined as the degradation of 1 µM H2O2 in one minute at 240 nm (ε 
= 43.2 mM-1 cm-1) [20]. 
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SOD (EC.1.14.1.1) activity was measured according to Steward and Bewley [21] with 
minor modifications. The reaction mixture included 50 mM potassium phosphate buffer 
(pH 7.8), 13 mM methionine, 75 µM nitro blue tetrazolium, 2 µM riboflavin, 100 nM 
EDTA, and 20 µl enzyme extract. The reaction was initiated by adding riboflavin and 
placing the tubes 30 cm under a light bank consisting of two 15-w fluorescent tubes. The 
reaction was allowed to continue for 40 min, and terminated by switching off the light 
and covering the tubes with a black cloth.  Subsequently, the absorbance of reaction 
mixture was measured at 560 nm.  One unit of SOD activity was defined as the amount of 
enzyme needed to reach 50% inhibition of the reaction in the “minus enzyme extract” 
controls, which should have the greater absorbance, compared to the samples with the 
enzyme extract. 
APX (EC 1.11.1.11) activity was measured by the method of Nakano and Asada [22]. 
The reaction mixture was composed of 100 mM potassium phosphate buffer (pH 7.0), 0.5 
mM ascorbic acid (AsA), 0.1 mM EDTA, 50 µl enzyme extract, and 0.1 mM H2O2. H2O2 
was added to initiate the reaction. One unit of APX activity was defined as the conversion 
of 1 µM AsA into monodehydroascorbate in one minute at 290 nm (ε = 2.8 mM-1 cm-1). 
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2.4.3. Measurement of AsA and GSH content 
AsA content was measured according to Kampfenkel et al. [23]. One hundred mg of 
tissues were mixed with 1 ml of 6% TCA. The mixture was centrifuged at 15,600 g for 10 
min at 4 °C. The supernatant was collected and used for further assay. Two hundred µl of 
supernatant was mixed with 600 µl of 0.2 M phosphate buffer (pH 7.4), 200 µl dd H2O, 1 
ml 10% TCA (w/v), 800 µl 42% H3PO4 (v/v), 800 µl 4% 2,2’-bipyridyl (w/v), and 400 µl 
3% FeCl3 (w/v) (all the components were added following the order above,  and H3PO4, 
bipyridyl, and FeCl3 were dissolved in 70% ethanol.). The resulting mixture was 
incubated at 42 °C for 40 min to start the reaction. The absorbance of the mixture was 
measured at 525 nm. The AsA content in seed samples was determined by using an AsA 
standard curve. 
GSH was estimated following a modified method of Qian et al [24]. Samples (0.1 g) 
were mixed with 800 µl of 15% metaphosphoric acid, and centrifuged at 10, 000 g for 30 
min at 4 °C. The supernatant (100 µl) was mixed with 1.3 ml of 150 mM potassium 
phosphate buffer (pH 7.7) and 0.1 ml of 5 mM DTNB solution [dissolved in100 mM 
phosphate buffer (pH 7.0)]. After incubation at room temperature for 30 min, the 
absorbance of the mixture was measured at 412 nm. The GSH content was determined by 
using a GSH standard curve. 
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3. Results 
All assays and measurements (antioxidant system activities from various treatments, 
germination percentage, and radicle length) were repeated for at least twice in 
independent experiments. Here we present data from a representative experiment. 
3.1.   MDA and antioxidant system components: During seed osmopriming 
3.1.1. MDA content 
MDA levels of seeds were determined to evaluate lipid peroxidation.  In general, 
MDA accumulated at lower levels in primed seeds compared to unprimed controls.  The 
MDA content in seeds primed with PEG for 8 d was only 38 % of that in unprimed dry 
seeds (Table 1). Although there was a 75 % increase in MDA when 8-d primed seeds 
were re-dried at room temperature for 2 d, the MDA level of primed dried seeds was only 
67 % of that in unprimed seeds (Table 1). 
 
3.1.2. CAT and SOD activity 
Similar trend, as MDA, was observed for CAT and SOD activity during osmopriming. 
After 8-d priming, the CAT and SOD activity was only 36 % and 48 %, respectively, of 
that in unprimed seeds (Table 1).  Enzyme activities were somewhat restored in primed 
seeds following a 2-d drying: CAT and SOD activity was 100 % and 80 % greater than 
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non-dried 8-d primed seeds, but still less than the initial activities in unprimed seeds 
(Table 1). 
 
3.1.3.  AsA-GSH cycle components 
The AsA-GSH cycle exhibited a greater activity in primed seeds compared to 
unprimed controls. As mentioned earlier, APX, AsA, and GSH were selected as 
representatives of the AsA-GSH cycle. APX activity could not be detected in unprimed 
seeds until they were primed for 24 h (Table 1). By the end of priming, the APX activity 
in non-dried primed seeds was 1.8 fold of those primed for 1 d (Table 1).  Moreover, the 
APX activity was not necessarily related to the moisture content in seeds as there was no 
difference in APX activity between dried seeds and non-dried primed seeds (Table 1).   
AsA and GSH accumulation exhibited a similar trend as that for APX activity. 
Significant increase in AsA and GSH content was found in non-dried and dried primed 
seeds compared to unprimed controls (Table 1). 
 
 
 
 
60 
 
 
 
3.2.   MDA and antioxidant system components: During seed germination under 
normal and stress environments 
Germination percentage and radicle length were measured in unprimed and primed 
seeds under normal and stress environments. Seeds germinated under normal conditions 
had a greater germination percentage and radicle length than those germinated under 
stress environments (Table 2). Moreover, primed seeds had a better germination 
performance than unprimed seeds in all germination environments, indicated by a greater 
germination percentage and radicle length (Table 2).  
  
3.2.1. MDA 
In all germination conditions, the primed seeds, in general, exhibited a lower 
accumulation of MDA than unprimed controls (Fig.1). Moreover, the MDA content 
significantly decreased during early stages of germination (0-5 d) under both normal and 
stress conditions: in general MDA levels at five days after germination were only one 
third of that in non-germinated seeds (Fig.1). Both unprimed and primed seeds exhibited 
a continuous declining trend during the germination under normal and chilling 
environments. In unprimed seeds germinated under desiccation stress (imposed by -0.8 
MPa PEG), the MDA content increased after 10 d of germination compared to the 5-day 
germination level.  However, the primed seeds subjected to desiccation did not exhibit 
this increase and MDA level remained unchanged after 5 d of germination.  Furthermore, 
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MDA accumulation in normally germinated (with dd H2O at 10 °C) seeds, both unprimed 
and primed, was significantly lower than those germinated under chilling and desiccation 
stresses, with only one exception (unprimed-5-d) (Fig. 1). 
 
3.2.2. CAT   
Unprimed and primed seeds of almost all treatments (normal, chill, and desiccation 
environments) had a reduced CAT activity when germinated for 5 d compared to non-
germinated controls. In chilling- and normally- germinated seeds, a significant though 
gradual recovery in CAT activity was observed in 10- and 15-d germinated seeds (Fig.2A 
and 2B).  However, unlike the above two germination treatments, seeds germinated under 
desiccation did not show such recovery for both unprimed and primed seeds (Fig. 2C).  
It deserves attention that in the germinating seeds under desiccation stress, the CAT 
activity of primed seeds was generally lower than the unprimed ones (Fig.2C). On the 
contrary, during the recovery phase of CAT activity (at 10- to 15-d of germination) under 
normal and chilling conditions, primed seeds generally have greater CAT activity than the 
unprimed controls (Fig. 2A and 2B). 
Finally, during the same germination period (10-15 d), the CAT activity was greater in 
seeds germinated under normal environments compared to chilling-germinated ones, 
which in turn was greater than those germinated under desiccation (Fig. 2). 
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3.2.3. SOD  
SOD activity showed a general declining trend throughout the germination in both 
unprimed and primed seeds.  Moreover, primed seeds had a lower SOD activity than 
unprimed ones during germination (Fig.3).  Seeds (unprimed and primed) germinated 
under desiccation had the greatest SOD activity among the three germination treatments 
while the chill-germinated had the lowest (Fig. 3).  
 
3.2.4. AsA-GSH cycle activity 
AsA-GSH cycle activity of unprimed and primed seeds generally increased during 
germination under both normal and stressful conditions as indicated by APX activity 
dynamics.  APX activity could not be detected in non-germinated unprimed seeds 
(denoted by “X” in Fig. 4), while a low activity was apparent in non-germinated primed 
ones.  However, there was a significant increase in APX activity up to 10 d of 
germination (Fig. 4).  “Normally germinating” seeds had a greatest increase of APX 
activity, whereas those germinated at chilling temperatures had a relatively smaller 
increase, but still greater than those under desiccation stress (Fig. 4). In all germination 
conditions, primed seeds exhibited a greater increase of APX activity compared to 
unprimed control (Fig. 4). 
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The accumulation of AsA appeared to increase with germination. Relatively lower 
amount of AsA was detected in non-germinated unprimed and primed seeds when 
compared to germinating seeds (Table 3).  Moreover, the primed seeds exhibited a greater 
accumulation of AsA than unprimed ones among all three germination environments 
(Table 3).  Seeds (unprimed and primed) germinated under “chilling” and “desiccation” 
treatments had lower AsA content compared to their corresponding “normal” controls 
(Table 3). 
The general trend of GSH accumulation was similar to that of APX activity and AsA 
abundance: an increasing accumulation of GSH was observed throughout the germination 
in both unprimed and primed treatments and all germination conditions.  Normally 
germinated seeds had a greater accumulation compared to those germinated under 
“stress” envrionment (Table 3).  Moreover, GSH content was greater in primed seeds than 
unprimed ones (Table 3). There was no significant difference between the GSH content of 
seeds germinated under chilling versus desiccation (Table 3). 
 
3.3. MDA content and antioxidant component analysis: During seedlings growth 
under drought and chilling stress 
The MDA accumulation of unprimed seedlings was 85% of that in primed samples 
when stressed at chilling temperatures for 7 d (Table 4).  Similarly, the MDA content in 
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11-d drought-stress unprimed seedlings was 24% less than corresponding primed ones 
(Table 5).  In the early stage of the stress (chilling for 1 d, and 9 d of drought, 
respectively), there was an overall stimulation of the antioxidant systems, indicated by the 
enhanced activities of SOD, CAT, and APX, and greater accumulation of AsA and GSH 
in stressed seedlings compared to non-stressed ones (Table 4 and 5).  However, the AsA-
GSH cycle activity somewhat declined with longer exposure of unprimed seedlings to the 
chilling stress (Table 4), while an overall reduction in antioxidant system activity (CAT, 
SOD, and AsA-GSH cycle) was observed in primed seedlings with longer drought and 
chilling exposure (Table 4 and 5). In contrast, there was a stimulating effect on 
antioxidant system activity when unprimed seedlings were exposed to longer drought (11 
d) (Table 5).  Finally, the MDA levels and antioxidant system activities/abundance in 
unprimed and primed seedlings returned to the pre-stress level after moving the chilled 
seedlings to control temperature and restoring irrigation for a week. 
 
4. Discussion 
The transition of seeds from dry to germinating state is a crucial physiological period 
for plant development and stress tolerance. Besides a pre-sowing treatment, osmopriming 
has also been considered as an appropriate model to study this transition [8, 9].  Moreover, 
osmopriming has also been reported to enhance stress tolerance in germinating seeds.  To 
understand the cellular events during osmopriming, and explore its relationship with the 
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stress tolerance during post-priming germination and early seedling establishment, we 
investigated the antioxidant system activity during above mentioned three stages.  The 
present study is the first to provide a comprehensive picture of antioxidant system 
dynamics throughout the entire germination.  Here we will discuss the changes in 
antioxidant system vis-à-vis osmopriming-mediated stress tolerance during the three 
phases: osmopriming, post-priming germination, and early seedling establishment.     
 
4.1.   Antioxidant system activity: During osmopriming  
Osmopriming essentially exposes seeds to a low external water potential to restrict the 
rate and extent of imbibition.  The process of osmopriming is akin to a prolonged early 
imbibition of seeds that sets in motion a gradual progression of various pre-germinative 
metabolic activities. Thus, it is helpful to use osmopriming as a model to study the 
transition of seeds from a dry, and physiologically quiescent to a hydrated, and 
physiologically active state.  
Orthodox seeds acquire desiccation tolerance in the late embryogenesis to maintain 
seed quality during storage.  The macromolecules that render desiccation tolerance such 
as carbohydrates, late embryogenesis abundant (LEA) proteins, and heat shock proteins, 
may also mediate the storability of seeds and prevent their deterioration during storage.  It 
has been documented that some of the protective compounds (such as LEA proteins and 
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raffinose family oligosaccharides) are degraded when dry seeds are partially hydrated via 
osmopriming treatment [7, 25].  This transition from dry to hydrated state is an important 
checkpoint during seed development and germination, and involves alteration of gene 
expression program, often reflected in a down- or up-regulation of various genes related 
to seed storability and germination [26].  Thus, germinating seeds, presumably, need to 
exit the protection programs residing in dry seeds during the early imbibition to prepare 
for subsequent germination events.  
The above described “state-transition” would suggest that the antioxidant system, a 
protection mechanism against ROS (often produced during extended dry storage), may 
also be repressed in the early stage of germination. Our data on antioxidant system 
activity in seeds during osmopriming support this line of thought.  We found that after 8-d 
of osmopriming, CAT and SOD activities of primed seeds were only 36 % and 48 %, 
respectively, of the unprimed control (Table 1). CAT and SOD are the major enzymes 
involved in maintaining seed longevity during storage [11, 27].  Thus, it’s likely that the 
reduced CAT and SOD activity during osmopriming (partial imbibition) was a result of 
these seeds exiting the protective systems present in dry seeds.  Possibly for the same 
reason, there was also a reduction of CAT and SOD activity during the early stages of 
germination (within 5 d) (Fig. 2 and 3).  Soeda et al. [9] suggested that the down-
regulation of protective programs during osmopriming could be restored by slow-drying 
of primed seeds, which is consistent with our results.  Our data indicates that CAT and 
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SOD activities in osmoprimed seeds were partially restored after 2-d drying at room 
temperature (Table 1).   
It deserves attention that the MDA accumulation, which represents the level of lipid 
peroxidation and thus the accumulation of ROS, was also reduced during osmopriming 
despite the lower activities of CAT and SOD (Table 1).  Therefore, it is possible that 
osmopriming represses the activities of CAT and SOD but enhances alternative 
antioxidant mechanisms, which might be responsible for lower lipid peroxidation.  In 
support of this notion, increased APX activity, and AsA and GSH content was observed 
during osmopriming in the present study, indicating an up-regulation of AsA-GSH cycle.  
AsA-GSH cycle, an important ROS-scavenging pathway, has been suggested to correlate 
with the seed germinability rather than storability [12, 28, 29]. Thus, instead of being part 
of the protective system in dry seeds, AsA-GSH cycle may belong to the protective 
program in germinating seeds.  The observed up-regulation of AsA-GSH cycle during 
osmopriming supports our hypothesis that the primed seeds initiate the physiological 
preparation for germination while quiting the protection programs related to the 
storability.  Such transitions of seed programs may be necessary and indeed occur during 
the early imbibition.  Osmopriming, by providing a “head-start”, shortens the time needed 
to accomplish such transition during subsequent germination thereby improving 
germination speed. 
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4.2.   Antioxidant system activity: During seed germination (under favorable 
conditions) 
Our data suggests that antioxidant activities in germinating seeds were tightly 
associated with the physiological status and the radicle length. For example, the overall 
antioxidant activities, especially that of AsA-GSH cycle, increased with a greater 
germination percentage and radicle length in both unprimed and primed seeds (Table 2 
and 3, Fig. 4).  The functionally and structurally deficient organelles in dry seeds may 
result in less developed antioxidant system compared to that in leaf tissues [11, 30].  Thus, 
it is possible that a renewal of antioxidant system may be initiated with the repair of cell 
membranes and organelle development, which are required for complete germination and 
growth demands by the seedlings.  
In the previous section, we have suggested that during germination the activities of 
CAT and SOD may be repressed as seeds exit the protective systems present in dry seeds, 
and AsA-GSH cycle may be stimulated to assist seeds entering the germinating state.  We 
have also indicated that an overall activation of antioxidant system may be needed to 
meet the requirement of germination and early seedling establishment.  In the present 
study, the relation between seed germination performance and AsA-GSH cycle activity 
was straightforward: it increased as the germination progressed (0 to 15 d).  However, the 
changes in CAT and SOD activities (especially CAT) were somewhat complicated.  
There was an early reduction of activity in CAT activity during germination (0 to 5 d), 
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followed by a significant increase by 10 d of germination. Following discussion attempts 
to reconcile the above two observations in context of CAT and SOD performance. 
As our data indicated, CAT and SOD were repressed during osmopriming as seeds 
transition from dry to partially imbibed state.  Developmental stage-specific changes in 
CAT activity have previously been reported in fungi [31].  Changes in CAT isoform 
pattern have also been reported during seed development, coinciding with a maximum 
CAT activity at the end of the physiological drying compared to immature seeds [27].  
Moreover, Weiting et al. [32] found a reduction in CAT activity during germination of 
cotton seeds, presumably, attributed to the synthesis of low-activity CAT isoform.  Hence 
CAT isoform pattern may vary with physiological conditions.  It is tempting to speculate 
that the reduction of CAT activity during the early stage of germination (in the present 
study) may be associated with the predominance of putative “low-activity” CAT isoforms 
as seeds transition from dry to germinating state; however, during the late germination 
stage, there may be a different CAT isoform pattern resulting in the up-regulation of a 
“high-activity” CAT coinciding with the protrusion and growth of radicles.  More in-
depth study is warranted to test this notion.  Similarly, SOD isoform patterns have also 
been reported to vary with physiological stages of seeds [33].  It is plausible that SOD 
isoform pattern changes, if any, during germination may be different from that of CAT.  
Our results (Fig. 3) indicated that throughout the germination across all environments, 
SOD activity of germinating seeds was lower compared to the non-germinated seeds (Fig. 
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3).  Perhaps SOD was not as actively involved in spinach seed germination as CAT, 
which is consistent with previous work with sunflower and Serbian spruce [34, 35]. 
 
4.3.   Antioxidant systems & the stress tolerance of post-priming germinating seeds 
and seedlings 
In our previous study, we reported that osmopriming enhanced chilling and desiccation 
tolerance of spinach seeds [5].  The present study further confirms this observation (Table 
2).  Moreover, our data indicates a more robust AsA-GSH cycle (Table 3 and Fig. 4) and 
lower MDA level (Fig. 1) in primed germinating seeds compared to unprimed ones when 
exposed to chilling and desiccation stress.  This further supports our hypothesis that the 
up-regulation of antioxidant system activity may be required by germinating seeds and 
radicle growth, given that seeds after osmopriming had a greater germination percentage 
and radicle length even under adverse environments (Table 2).  Thus, it is possible that 
osmopriming enhances the stress tolerance of germinating seeds by promoting the 
germination potential and early seedling establishment.  Unprimed germinating seeds, 
however, with a relatively less robust antioxidant system when exposed to desiccation 
and chilling, may not be able to maintain normal germination potential, and thus had 
lower stress tolerance compared to primed ones.  In support of this, Cuartero et al. [36] 
reported that seed priming enabled tomato seedlings to have a greater growth potential 
under saline environments. 
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The overall antioxidant activities in unprimed and primed non-stressed seedlings were 
significantly greater than the corresponding “germinating seeds” (Table 4 and 5). This 
supports our earlier suggestion that the renewal of antioxidant system may be stimulated 
by water imbibition, and continues throughout the entire germination. This renewal of 
antioxidant system is, presumably, not only to support germination but also to maintain 
primary metabolisms in seedlings [37].  
Unlike for germinating seeds, there was no significant difference between the 
antioxidant activities of unprimed and primed “control”/ non-stressed seedlings.  This 
indicates that, in spinach, osmopriming-mediated activation of antioxidant system was 
most significant during the germination stage, and gradually diminished with the seedling 
growth.  Consistent with this notion, osmopriming-induced stress tolerance also was not 
detected in spinach seedlings.  On the contrary, the primed seedlings exhibited a greater 
accumulation of MDA and repressed overall antioxidant activity compared to unprimed 
ones when exposed to drought and chilling (Table 4 and 5).  These observations are 
inconsistent with previous reports on seed priming induced chilling and salt tolerance in 
seedlings of maize, amaranth, and sunflower [38, 39, 40].  The inconsistency may, 
perhaps, be attributed to species-specificity and/or to the criteria used to estimate the 
stress tolerance.  In these studies, the shoot and root length, fresh weight, and dry weight 
were measured in stressed and non-stressed seedlings to quantify the stress tolerance, 
whereby a greater biomass indicated greater tolerance.  Our preliminary work also 
72 
 
 
 
indicated a greater growth rate in primed spinach seedlings (unpublished data).  However, 
in the present study, we measured the MDA accumulation rather than the seedling 
biomass to evaluate stress level.  It can be argued that primed seedlings, with a greater 
biomass and growth potential, would also have greater need for optimal inputs for 
photosynthesis (soil moisture, growth temperature, etc.) compared to unprimed ones, and 
therefore, may be more vulnerable to stresses than unprimed seedlings.  Moreover, the 
osmopriming protocol used in our study was also different from the previous studies. It 
has been reported that the antioxidant systems can respond differently to different priming 
protocols [41].  
 
4.4. Summary 
We investigated the antioxidant system dynamics during the three crucial phases: 
osmopriming, post-priming germination, and early seedling establishment.  Major 
observations are as follow: (1) The transition of seeds from dry to germinating state 
involves a repression of protective programs present in dry seeds and stimulation of 
germination-related activities in imbibed seeds, as reflected by the reduced activities of 
CAT and SOD and increased activity of AsA-GSH cycle during osmopriming; (2) a 
renewal of antioxidant defense system may be initiated during the late stages of 
germination (5-15 d, Fig. 2) coincident with the potential repair and development of 
organelles. This “renewal” of antioxidant system may be required for an early seedling 
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establishment.  In support of this notion, CAT activity was up-regulated after an initial 
reduction during early germination (0-5 d of germination), and overall antioxidant 
activities were greater in germinated seeds/seedlings compared to non-germinated ones; 
(3) Osmopriming improved stress tolerance of germinating seeds, presumably, by 
increasing the germination potential of primed seeds (e.g. mediating a more robust 
antioxidant system). However, this promotive effect could not be observed in the 
seedlings.           
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Table 1. Changes of MDA (malonaldehyde; indicator of lipid peroxidation) content and the activity / abundance of antioxidant system 
components during osmopriming of spinach (Spinacia oleracea cv. Bloomsdale) seeds. Seeds were primed with -0.6 MPa PEG 8000 at 
15 °C, and collected after 1, 2, 4, and 8-days (d) of priming.  A subsample of 8-d primed seeds were dried for 2 d at 25 °C.  Unprimed (0-d 
priming) seeds were used as the control.  Activities of catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX), and 
the abundance of ascorbic acid (AsA) and reduced glutathione (GSH) were investigated as described in “Methods”. 
 
 Priming duration MDA CAT SOD APX AsA GSH 
(d) (nmol-1 g-1)z (U mg-1) (U mg-1) (U mg-1) (µM mg-1) (µM mg-1) 
0 4.11 ay 0.11 a 0.94 a 0 a 16.4 a 7.0 a 
1  1.85 b 0.05 b 0.73 b 0.1 b 16.5 a 7.1 a 
2  1.61 c 0.04 c 0.53 c  0.07 b 17.0 a 7.2 a 
4  1.74 c 0.04 c 0.47 c  0.16 c 19.2 b 7.9 b 
8  1.58 d 0.04 c 0.45 c  0.18 c 22.3 c 9.2 c 
8+2-day drying   2.77 e 0.08 d 0.81 d  0.16 c 21.0 c 8.9 c 
 
 
 
 
 
 
 
 
zValues represent the average of three replicates per treatment 
 yMeans within the same column followed by the same letter are not different at p ≤ 0.05 according to Fisher’s least significant difference test 
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Table 2. Germination percentage and radicle length of unprimed (UP) and primed (P) spinach (Spinacia oleracea cv. Bloomsdale) seeds. 
Seeds were primed with -0.6 MPa PEG 8000 at 15 °C for 8 days (d), and then dried for 2 d at 25 °C. The unprimed and primed seeds were 
germinated under normal (with dd H2O at 10°C), chilling (with dd H2O at 5 °C), and desiccation (with -0.8 MPa PEG 8000 at 10 °C) 
environments.  Germination percentage and radicle length were measured when seeds were germinated for 0, 5, 10, and 15 d. The unprimed 
non-germinated seeds were used as the control 
 Germination environments Seed treatment and measurements 
& Germination percentage (%)z Radicle length (mm) 
days after germination (d)   UP P UP P 
Normal – (0) 0 ay 0 a 0 g 0 g 
Normal – (5) 12.4 b 45.5 c 2.5 h 6.3 i 
Normal – (10) 53.2 c 73.9 d 7.6 hi 13.4 j 
Normal – (15) 73.3 d 86.7 f 21.4 k 22.6 k 
Chilling – (0) 0 a 0 a 0 g 0 g 
Chilling – (5) 1.7 a 34.7 e 2.5 h 2.7 h 
Chilling – (10) 32.8 e 52.3 c 6.1 hi 10.2 i 
Chilling – (15) 53.7 c 71.1 d 7.4 hi 9.8 i 
Desiccation – (0) 0 a 0 a 0 g 0 g 
Desiccation – (5) 0 a 0 a 0 g 0 g 
Desiccation – (10) 0 a 16.7 b 0 g 1.0 h 
Desiccation – (15) 1.7 a 19.3 b 0 g 1.5 h 
 
 
 
 
 
 
zValues represent the average of three replicates per treatment 
yMeans from the same group (i.e. germination percentage and radicle length) followed by the same letter are not different at p ≤ 0.05 according to Fisher’s least 
significant difference test 
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Table 3. Ascorbic acid (AsA) and reduced glutathione (GSH) content of unprimed (UP) and primed (P) germinating spinach (Spinacia 
oleracea cv. Bloomsdale) seeds. Spinach seeds were primed with -0.6 MPa PEG 8000 at 15 °C for 8 days (d), and then dried for 2 d at 25 °C. 
The unprimed and primed seeds were germinated under normal (with dd H2O at 10 °C), chilling (with dd H2O at 5 °C), and desiccation (with 
-0.8 MPa PEG 8000 at 10 °C) environments. AsA and GSH content were measured when seeds were germinated for 0, 5, 10, and 15 d. The 
unprimed non-germinated seeds were used as the control 
                                                                y Means within the same column followed by the same letter are not different at p ≤ 0.05 according to Fisher’s least significant            
difference test 
 
 
 
 
 
 
 
 
 
 
 
                                                        z Values represent the average of three replicates per treatment 
82 
Germination environments Seed treatment and measurements 
& AsA (µM mg-1)z GSH (µM mg-1) 
days after germination (d)   UP P UP P 
Normal – (0) 17.2 ay 20.5 b     7.8 e 8.4 f 
Normal – (5) 18.3 a  22.5 c     8.9 f 14.5 i 
Normal – (10) 22.4 c  25.5 d 9.9 g 15.4 i 
Normal – (15) 21.1 b  25.6 d 10.8 h 17.6 i 
Chilling – (0) 16.9 a  20.1 b 6.5 k 8.8 f 
Chilling – (5) 16.5 a  21.3 b 6.6 ke 9.2 fg 
Chilling – (10) 19.2 b  23.5 c 7.6 e   9.9 gh 
Chilling – (15) 20.1 b  23.5 c      7.4 e 9.6 g 
Desiccation – (0) 16.8 a  20.3 b 7.0 ke 9.0 f 
Desiccation – (5) 16.2 a  20.8 b 7.7 e 9.1 f 
Desiccation – (10) 17.1 a  21.5 b 7.7 e 10.0 gh 
Desiccation – (15) 17.2 a  21.9 bc 7.2 e 10.0 gh 
  
Table 4. Changes of MDA (malonaldehyde; indicator of lipid peroxidation) content and the activity/abundance of antioxidant system 
components in spinach (Spinacia oleracea cv. Bloomsdale) seedlings under normal and chilling environments. Spinach seedlings (unprimed: 
UP and primed: P) were prepared as described in “Methods” and stressed at 4 °C for 1, 3, and 7 days (d). After 7-d chilling stress, seedlings 
were allowed to recover at normal temperature (15 °C) for a week. Activities of catalase (CAT), superoxide dismutase (SOD), and ascorbate 
peroxidase (APX), and the abundance of ascorbic acid (AsA) and reduced glutathione (GSH) were investigated as described in “Methods”. 
The unprimed and primed non-stressed seedlings (UP-0 and P-0) were used as the controls 
 
Seed treatment Measurment 
& duration of stress MDA CAT SOD APX AsA GSH 
(d) (nmol-1 g-1)z (U mg-1) (U mg-1) (U mg-1) (µM mg-1) (µM mg-1) 
UP – (0)  1.75 ay 0.59 a 1.89 a 3.46 a 51.8 a 10.2 a 
UP – (1) 1.85 a 0.62 a 1.81 a 3.5 a 49.3 a 10.0 a 
UP – (3) 2.22 b 0.94 b 2.04 b 3.41 a 45.0 b  7.6 b 
UP – (7) 2.53 c  1.1 b  2.1 b 2.87 c 40.2 c  5.8 c 
UP – recovered 1.69 a 0.58 a 1.74 a 3.5 a 48.0 a 10.0 a 
 P – (0) 1.58 a 0.61 a 1.78 a 3.52 a 52.2 a 10.0 a 
 P – (1) 1.61 a 0.66 a 1.75 a 3.48 a 53.1 c  9.0 a 
 P – (3) 2.55 c 1.02 b 1.94 b 2.98 c 40.1 d  5.8 c 
 P – (7) 2.98 d 0.44 c 1.51 c 2.25 d 35.2 d  3.3 d 
 P – recovered 1.49 a 0.68 b 1.83 a 3.62 a 52.9 a 10.0 a 
 
 
 
 
                      z Values represent the average of three replicates per treatment 
                                        y Means within the same column followed by the same letter are not different at p ≤ 0.05 according to Fisher’s least significant difference test 
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Table 5. Changes of MDA (malonaldehyde; indicator of lipid peroxidation) content and the activity/abundance of antioxidant system 
components in spinach (Spinacia oleracea cv. Bloomsdale) seedlings under normal and drought environments. Spinach seedlings (unprimed: 
UP and primed: P) were prepared as described in “Methods” and withheld watering for 9 and 11 days (d). After 11-d drought stress, 
seedlings were recovered by restoring irrigation for a week. Activities of catalase (CAT), superoxide dismutase (SOD), and ascorbate 
peroxidase (APX), and the abundance of ascorbic acid (AsA) and reduced glutathione (GSH) were investigated as described in “Methods”. 
The unprimed and primed non-stressed seedlings (UP-0 and P-0) were used as the controls. 
 
 
 
 
 
 
                          z Values represent the average of three replicates per treatment 
                          y Means within the same column followed by the same letter are not different at p ≤ 0.05 according to Fisher’s least significant difference test 
Seed treatment Measurement 
& duration of stress MDA CAT SOD APX AsA GSH 
(d) (nmol-1 g-1)z (U mg-1) (U mg-1) (U mg-1) (µM mg-1) (µM mg-1) 
UP – (0)  1.75 ay 0.61 a 1.75 a 3.31 a 50.0 a  9.8 a 
UP – (9) 2.43 b 0.75 b 1.76 a 4.11 b 55.0 b 12.3 b 
 UP – (11) 2.93 c 0.89 c 2.12 b 4.09 b 54.5 b 11.0 c 
UP – recovered 1.65 a 0.56 a 1.64 a 3.23 a 48.1 a  9.5 a 
 P – (0) 1.58 a 0.59 a 1.82 a 3.24 a 48.9 a  9.2 a 
 P – (9) 3.33 e 0.71 b 1.64 a 3.78 a 51.2 a 10.2 c 
  P – (11) 3.85 f 0.43 d 1.52 c 2.98 c 45.5 c  7.6 d 
  P – recovered 1.67 a 0.61 a 1.77 a 3.24 a 50.0 a  8.9 d 
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Figure captions 
Fig. 1. Malonaldehyde (MDA) content of unprimed (UP) and primed (P) germinating 
spinach (Spinacia oleracea cv. Bloomsdale) seeds. Spinach seeds were primed with -0.6 
MPa PEG 8000 at 15 °C for 8 days (d), and then dried for 2 d at 25 °C. The unprimed and 
primed seeds were germinated under normal (with dd H2O at 10 °C.), chilling (with dd H2O 
at 5 °C.), and desiccation (with -0.8 MPa PEG 8000 at 10 °C.) environments. MDA content 
was measured when seeds were germinated for 0, 5, 10, and 15 d. The unprimed non-
germinated seeds (UP0D) were used as the control. Data presented are means from three 
replicates with standard errors. 
 
Fig. 2. Catalase (CAT) activity of unprimed (UP) and primed (P) germinating spinach 
(Spinacia oleracea cv. Bloomsdale) seeds. Spinach seeds were primed with -0.6 MPa PEG 
8000 at 15 °C for 8 days (d), and then dried for 2 d at 25 °C. The unprimed and primed seeds 
were germinated under: (A) normal (with dd H2O at 10 °C.), (B) chilling (with dd H2O at 
5 °C.), and (C) desiccation (with -0.8 MPa PEG 8000 at 10 °C.) environments. CAT activity 
was measured when seeds were germinated for 0, 5, 10, and 15 d. The unprimed non-
germinated seeds (UP-0-d) were used as the control. Data presented are means from three 
replicates with standard errors. 
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Fig. 3. Superoxide dismutase (SOD) activity of unprimed (UP) and primed (P) germinating 
spinach (Spinacia oleracea cv. Bloomsdale) seeds. Spinach seeds were primed with -0.6 
MPa PEG 8000 at 15 °C for 8 days (d), and then dried for 2 d at 25 °C. The unprimed and 
primed seeds were germinated under: (A) normal (with dd H2O at 10 °C), (B) chilling (with 
dd H2O at 5 °C), and (C) desiccation (with -0.8 MPa PEG 8000 at 10 °C) environments. 
SOD activity was measured when seeds were germinated for 0, 5, 10, and 15 d. The 
unprimed non-germinated seeds (UP-0-d) were used as the control. Data presented are means 
from three replicates with standard errors. 
 
Fig. 4. Ascorbate peroxidase (APX) activity of unprimed (UP) and primed (P) germinating 
spinach (Spinacia oleracea cv. Bloomsdale) seeds. Spinach seeds were primed with -0.6 
MPa PEG 8000 at 15 °C for 8 days (d), and then dried for 2 d at 25 °C. The unprimed and 
primed seeds were germinated under: (A) normal (with dd H2O at 10 °C), (B) chilling (with 
dd H2O at 5 °C), and (C) desiccation (with -0.8 MPa PEG 8000 at 10 °C) environments. 
APX activity was measured when seeds were germinated for 0, 5, 10, and 15 d. The 
unprimed non-germinated seeds (UP-0-d) were used as the control. No APX activity could be 
detected in unprimed non-germinated seeds and is denoted by “X”. Data presented are means 
from three replicates with standard errors. 
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CHAPTER 4. DEHYDRIN METABOLISM IS ALTERED DURING SEED 
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Key words.  85 kD cold acclimation protein; cross-tolerance; chilling; dehydrin; desiccation; 
spinach 
ABSTRACT.  Osmopriming improves seed germination performance as well as stress 
tolerance.  To understand the biochemistry of osmopriming-induced seed stress tolerance, we 
investigated dehydrin (DHN) accumulation patterns at protein and transcript level 
(determined by immunoblotting and qPCR) during priming, and subsequent germination 
under optimal and stress conditions (i.e. chilling and desiccation) in spinach (Spinacia 
oleracea L. cv. Bloomsdale) seeds.  Our data indicate enhanced germination performance of 
primed seeds is accompanied by increased accumulation of three dehydrin-like proteins 
(DLPs): 30, 26, and 19-kD.  Moreover, 30, 26 and 19-kD DLPs that first only transiently 
accumulated during priming re-accumulated in response to stresses, suggesting an evidence 
for ‘cross-tolerance’, which is initially induced by priming and later recruited during post-
priming germination under stresses.  Study with CAP85, a spinach DHN, corroborates above 
observations at the gene-expression and protein accumulation level.    Additionally, our 
results suggest that during seed germination and seedling establishment, CAP85 expression 
may be regulated by the interplay of two factors: seedling development and stress responses.  
In conclusion, our data suggest that 30, 26, and 19-kD dehydrin-like proteins and CAP85 
may be used as potential biochemical/molecular markers for priming-induced stress tolerance 
in ‘Bloomsdale’ spinach.  
Abbreviations: CAP85, 85 kD cold acclimation protein; DHN, dehydrin; DLP, dehydrin-like 
protein 
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1. Introduction 
Seed osmopriming is a pre-sowing treatment that exposes seeds to a low external water 
potential that allows partial hydration but prevents germination [1].  Although the 
germination is not completed, metabolic activities that prepare seeds for radicle protrusion 
may be initiated during priming.  Consequently, osmoprimed seeds exhibit improved 
germination performance [2-5].  Evidence is also accumulating that priming enhances stress 
tolerance of germinating seeds [6-9].   
A technical challenge of osmopriming exists in that the effect of a priming protocol often 
varies greatly among species, cultivars, and even seed lots.  Moreover, as a regular on-farm 
priming practice, primed seeds are often dried to their original moisture for a short-term 
storage.  Consequently, different drying schemes add even more variability to the priming 
effects.  Germination test is often a practical option to address this issue.  However, an 
additional supportive / confirmatory avenue may be to find biochemical / molecular markers 
for cellular and physiological status of primed seeds to help predict the effect of priming [10, 
11]. This requires a comprehensive understanding of the biochemical / molecular 
mechanisms of osmopriming.  Studies to understand the cellular mechanisms of 
osmopriming and resultant stress tolerance include investigating seed respiration, hormone 
regulation, protein and carbohydrate metabolism, and changes in transcriptome and proteome 
[11-16].  However, these investigations have primarily focused on the metabolic changes 
during osmopriming, and limited information is available on the cellular changes during 
post-priming germination.   
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The seed biochemistry during osmopriming is essentially similar to that of early imbibition 
during normal germination [17], and yet osmopriming improves germination performance.  It 
follows, therefore, that distinct differences must exist between the cellular metabolism of 
primed versus unprimed seeds that mediate improved germination, particularly under 
environmental stresses.  Our previous study explored this notion based on antioxidant system 
[9], and found that osmopriming induced more robust antioxidant activities, especially that of 
AsA-GSH cycle, suggesting ascorbate peroxidase to be useful indicator for increased stress 
tolerance in primed seeds.  It is noteworthy, however, that antioxidant system is merely one 
of the stress-responsive components and may not be sufficient to explain the improved 
germination potential.  Thus, to better understand the role of osmopriming vis-à-vis stress 
tolerance of germinating seeds, and to make the predication of priming effect more reliable, 
other possible mechanisms / markers should also be investigated.   
Dehydrins (DHNs), also known as Group II late embryogenesis abundant proteins (LEAs), 
accumulate during seed development and are associated with acquisition of desiccation 
tolerance in orthodox seeds [18].  In recent years, numerous studies have reported up-
regulation of DHNs in diverse species and tissues in response to various abiotic stresses [19-
23].  Due to their hydrophilic property, DHNs are thought to protect the tissues against 
stresses causing cellular dehydration such as drought, salinity, and cold [24, 25].  Some 
DHNs have also been implicated to serve as antioxidants scavenging the free radicals [26].  
Additionally, the accumulation of DHNs is found to be associated with improved seed vigor 
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[27, 28].  Thus, the diverse functions and distributions of DHNs enable them to respond to 
not only environmental but also to developmental cues [21, 23]. 
Earlier studies of DHNs during osmopriming have left a few unanswered questions 
regarding the DHN metabolism vis-à-vis post-priming stress tolerance.  For example, 
Wechsberg et al.[29] found that osmopriming induced DHN-like proteins in Ranunculus 
sceleratus L., and suggested their association with improved stress tolerance in primed seeds.   
However, no explanation was provided for this rather unexpected outcome, since 
osmopriming at 16 °C (as in the above study) constitutes neither desiccation nor low 
temperature stress.  In contrast, DHN degradation was observed during osmopriming in Beta 
vulgaris L. and Pisum sativum L. [11, 30], an outcome consistent with a widely observed 
phenomenon during seed hydration [12, 30, 31].  It can be safely concluded, therefore, that 
primed seeds have reduced DHNs than the unprimed ones. If so, given DHNs’ protecting role 
against environmental stress, it is intriguing why primed seeds exhibit improved chilling- and 
desiccation- tolerance [8, 9]. 
The objective of this study is to identify DHNs as potential biochemical / molecular 
markers for osmopriming-induced stress tolerance in spinach seeds. To that end, we used 
anti-dehydrin antibodies to study the accumulation patterns of dehydrin-like proteins (DLPs) 
during osmopriming and subsequent germination under normal and stress-treatments. 
Additionally, qPCR was used to study the gene expression patterns of 85 kD cold 
acclimation protein (CAP85), the only spinach DHN with known sequence and previously 
implicated in regulating freezing and drought tolerances [32]. 
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2. Materials and Methods 
2.1. Seed treatment and sample collection.   
Spinach (Spinacia oleracea L.cv. Bloomsdale) seeds were procured from Stokes Seeds, Inc. 
(Buffalo, NY).  Seed priming and germination treatment, and sample collection were 
performed as described in Chen et al. [8], and Chen and Arora [9].  Briefly, spinach seeds 
were collected when primed for 1, 2, 4, and 8 d with -0.6 MPa PEG 8000 at 15 °C.  As a 
practical procedure during seed priming (for the purpose of short-term storage in on-farm 
applications), a subsample of 8-d primed seeds was slowly dried to its original moisture 
content (9-10%) at room temperature for 2 d, and the primed dry seeds were also collected 
for experiments [8].   
Unprimed and primed dry seeds were germinated under three conditions: optimal, chilling, 
and desiccation stress [9].  Under optimal conditions, seeds were germinated in dark at 10 °C 
with distilled deionized water (dd H2O).  Chilling treatment was performed in dark by 
exposing the germinating seeds to 5 °C with dd H2O.  Desiccation stress was created by 
germinating unprimed and primed seeds with -0.8 MPa PEG 8000 at 10 °C.   Unprimed and 
primed seeds germinated for 0 (non-germinated seeds), 5, 10, and 15 d under above-
described three conditions were collected.  Due to occasional non-uniform germination 
within a replicate of 30 seeds / petri dish, samples belonging to the same germination 
treatment (i.e. germination conditions and durations) may include both germinating (imbibed 
but before radicle protrusion) and germinated (radicle protruded) seeds. However, to 
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minimize the confusion, we called all 30 seeds/replicate in this study as ‘germinating’ to 
reflect overall germination status of a seed population. 
The germination performance (germination percentage- G15, rate, and uniformity) and 
radicle length (L15) of unprimed and primed seeds were evaluated by the fifteenth-day 
germination.  The germination rate (T50) was represented by days needed for seeds to reach 
50% of G15.  Similarly, the germination uniformity (T10-90) was represented by days needed 
for seeds to reach from 10% G15 to 90% G15.   Lower T50 and T10-90 indicate greater 
germination rate and uniformity. 
All samples were ground into fine powder with liquid nitrogen and stored at – 80 °C to be 
used later for protein and RNA extractions.  Each experiment described below was 
independently repeated at least thrice (three biological replicates). For qPCR, each biological 
replicate had three technical replicates.  The most representative data are presented in 
‘Results’. 
2.2. Protein extraction.   
Proteins were extracted according to Capron et al. [11] with few modifications.  Tissues 
(150 mg) were mixed with 1 ml cold extraction buffer consisting of 50 mM HEPES, pH 8.0, 
1 mM EDTA, and 1 mM PMSF.  The mixture was shaken at 4 °C for 30 min, followed by 
centrifugation at 21,000 g at 4 °C for 30 min.  The resulting supernatant was used for protein 
precipitation overnight at -20 °C with TCA/acetone mixture (20% w/v) at 1:5 (v/v).  The next 
day, protein pellets were collected by centrifugation at 21, 000 g and 4 °C for 45 min.  The 
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pellet was rinsed twice with 1 ml cold acetone by centrifugation (16, 000 g at 4 °C for 10 
min).  The resultant pellet was dried at room temperature for at least 2 h.  
Dry pellets were re-solubilized in 37.5 µl lysis buffer [30 mM Tris, pH 8.0, 7 M urea, 2 M 
thiourea, CHAPS (4% w/v), and 10 mM DTT], and then shaken at room temperature for 1 h.  
The dissolved protein mixtures were then mixed with 37.5 µl 2x loading buffer [65 mM Tris-
HCl, pH 6.8, 5% 2-mercaptoethanol, 2% SDS, and 10% (v/v) glycerol] [33] and boiled for 7 
min.  The resulting mixture was used for protein quantification, SDS-PAGE, and 
immunoblotting.   
2.3. SDS-PAGE and immunoblotting.  
Protein quantification was conducted according to Esen [34]. Samples with equal proteins 
(4 µg) were subjected to SDS-PAGE according to Arora et al. [35].  The proteins were 
separated by 4% stacking gel and 12.5% separating gel using PROTEIN II electrophoresis 
unit (Bio-Rad Laboratories, Inc., Hercules, CA).  For immunoblotting, unstained gels with 
separated proteins were transferred to nitrocellulose membranes as described in Arora and 
Wisniewski [36].  Membranes were probed with primary rabbit anti-dehydrin antibody 
(kindly provided by Dr. Timothy Close) at 1:500 dilution.  Preimmune serum developed 
from the same rabbit was used as the negative control.  Immunoreactive bands were detected 
by alkaline phosphatase assay using Protoblot Western Blot AP Kit (Promega Corp., 
Madison, WI).  The relative abundances (densitometry) of selected bands were quantified by 
Image J (National Institute of Health, Bethesda, MD, USA). 
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According to our preliminary tests, CAP85 has a relatively low abundance in seeds.  Thus, 
the immunoblotting for CAP85 protein (with the same anti-dehydrin antibody) was 
conducted separately using slightly modified protocol.  Specifically, the SDS-PAGE gel was 
loaded with 15-µg protein (compared to 4 µg for other DLPs) , was run longer to have a good 
separation of bands ranging from 75 to 100 kD, and finally the color reaction for 
immunoblots was developed for much longer (at least 15 min).  The identity of the detected 
band was ascertained by pre-immune serum. 
2.4. qPCR.  
 Eight seeds from each sample treatment were ground into fine powder with liquid nitrogen. 
Total RNA was extracted by TRIzol Plus RNA Purification Kit (Invitrogen Life 
Technologies, Carlsbad, CA, USA).  The RNA concentration and purity was determined by 
Nanodrop ND-1000 spectrophotometer (NanoDrop, Wilmington, DE, USA), and RNA 
integrity was assessed by electrophoresis in 1% (w/v) formaldehyde agarose gels. 
Removal of residual genomic DNA and first-strand cDNA synthesis were performed with 
Rnase-free DNase I (Invitrogen Life Technologies, Carlsbad, CA, USA), and qScriptTM 
cDNA SuperMix (Quanta BioSciences, Gaithersburg, MD, USA), respectively, following the 
manufacturer’s instructions. 
For the selection of valid reference gene in qPCR experiment, we evaluated five commonly 
used house-keeping genes: GAPDH, actin, 16S rRNA, α-tubulin, and 18S rRNA.  All these 
genes exhibited great variation in Cq/Ct value among our samples, particularly between 
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partial/full hydrated (i.e. osmoprimed/germinating) versus dry (unprimed and primed-dry) 
seeds.  18S rRNA, though also fluctuated in expression among treatments, appeared to be 
most stable.  For example, the coefficient of variance for 18S rRNA expression across all 24 
treatments (i.e. osmopriming series and germination series under 3 conditions) was 15% (Cq 
of 17.58 ± 2.8) compared to an average of 23% for the other four genes.  Moreover, its 
coefficient of variance dropped to ~ 4% in separate lots of hydrated or dry samples (Cq of 
15.72 ± 0.65, and 21.9 ± 0.81, respectively).     
Based on above-described scenarios, 18S rRNA was selected as an acceptable internal 
control.  Furthermore, we propose that instead of using an overall calibrator sample (with the 
defined relative expression level of 1 normalized by 18S rRNA) across all seed treatments, it 
is appropriate to use different calibrators in different scenarios.  For example, in the present 
study, in total three calibrators were selected to normalize and compare the expression of 
target gene (CAP85) during osmopriming and germination; 1-d primed seeds were used as 
the calibrator during priming; unprimed dry seeds as the calibrator of primed dry seeds; and 
the 5-d optimal-germinated unprimed seeds for germination experiments. 
 The oligonucleotide primers for 18S rRNA was adopted from published sequence data [37]. 
The primers for CAP85 were designed using Primer3 software (Whitehead Institute for 
Biomedical Research in Cambridge, MA, USA) according to the published sequence 
(Genbank accession number M96259), and are provided below:  
 Forward primer: GCCTCCGGCGGTATCG  
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  Reverse primer: CAACATGTTCCTTGTCATCATGGT 
The reaction mixture contained 12.5 µl of PerfeCTaTM SYBR® Green FastMixTM, ROX 
(Quanta BioSciences, Gaithersburg, MD, USA), 1.8 µl of primer solution (each with a 
concentration of 900 nM),  2 µl of 1:100 diluted cDNA (10 ng), and 8.7 µl of RNase-free dd 
H2O.  qPCR assay was performed with Applied Biosystems 7900 (ABI, Foster City, CA, 
USA).  The amplification of CAP85 and 18S rRNA was performed by an initial heating at 
95 °C for 10 min, and then 40 cycles of heating at 95 °C for 15 s followed by 1-min 
incubation at 60 °C.  At the final amplification, the specificity of PCR primers was checked 
by the melting temperature of the amplicon, calculated from a dissociation curve obtained by 
increasing the temperature from 60 to 95 °C. 
The relative expression level of CAP85 in all samples was calculated by normalizing the 
threshold cycle (Cq, the cycle number at which the fluorescent signal of the reaction crosses 
the threshold) of CAP85 with the Cq of 18S rRNA through the comparative Cq method (ABI 
Manual).  
The data were analyzed with ANOVA after rank transformation, and pair-wise compared 
with Tukey’s test. 
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3. Results 
3.1. Germination performance of unprimed and primed seeds under optimal, chilling, and 
desiccation conditions.  
 Both unprimed and primed seeds have reduced germination under stress conditions. 
Germination is most compromised under desiccation, where the G15 of unprimed seeds is 
~2% (Fig. 1A), resulting in non-measurable T50 and T10-90 (Figs. 1B and C).  Seed 
germination performance is also compromised under chilling stress, especially T50, T10-90 and 
L15 (Figs. 1B, C, and D).  However, primed seeds exhibited better germination performance 
than unprimed ones under both optimal and stress conditions, especially desiccation, as 
indicated by their greater G15, and lower T50 and T10-90 (Figs. 1A, B, and C).  
3.2.  DHN profiles 
3.2.1. During osmopriming 
In total, five bands were identified as dehydrin-like proteins (DLPs), by anti-dehydrin 
antibodies and pre-immune serum (Fig. 2A).  In unprimed seeds, 19-kD DLP is not 
detectable, and 50-kD is barely visible (Figs. 2A, B, and F).  The 50-kD DLP accumulated 
during priming but decreased when primed seeds were slowly dried to their original moisture, 
e.g. its accumulation in 8-d primed seeds was ~4 fold greater than that in unprimed seeds, 
while after 2 d of slow drying, the accumulation returned almost to its original level (1.5 fold 
of that in unprimed seeds) (Figs .2A and B).    Our immunoblotting data (corroborated with 
densitometric scans) also indicate that 32, 30, 26, and 19-kD DLPs first accumulated in the 
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early stages of osmopriming (during the first 4 d) but are hardly visible onwards (Figs. 2A, C, 
D, E, and F).  Generally, primed seeds (by the 8-d of osmopriming) had lower DHN 
accumulation than the unprimed seeds (Fig. 2).   
3.2.2. During germination under optimal environment 
 The 30-kD DLP, abundantly present in unprimed dry seeds, decreased during germination 
and could not be detected in primed seeds (Figs. 3A and B). The 26- and 19-kD DLPs were 
also detected during germination under normal conditions.  A gradual depletion of 26-kD 
band was noted in unprimed seeds within 5-d germination to almost half its original 
abundance (12% germination; Figs. 3A and C), whereas it was significantly induced in 5-d 
germinated primed seeds (46% germination) compared to 0-d germination (Figs. 3A and C).  
Similarly, the 19-kD band, which accumulated transiently by 2-d of osmopriming and 
decreased by 8-d (Figs. 2A and F), was re-induced in primed seeds after 10 d of germination 
but was not detectable in unprimed seeds (Figs. 3A and D).  Additionally, two new DLPs of 
~15 and 13 kD were detected in seeds germinated under normal conditions (Figs. 3A, E, and 
F); while ~15 kD doublets were barely visible in unprimed seeds and only noted in primed 
seeds germinated for 10 and 15 d (Figs. 3A and E), the 13-kD band was noted in both seed 
treatments but was induced earlier in primed samples (Figs. 3A and F). 
3.2.3. During germination under chilling stress.   
Three DLPs with molecular weight of 30, 26, and 19 kD exhibited substantial visual 
differences between unprimed and primed seeds germinated under chilling stress (Fig. 4).  
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The 30-kD DLP exhibited gradual depletion in unprimed seeds germinated at 5 °C (Figs. 4A 
and B).  In primed seeds, however, a re-induction of the 30-kD DLP was noted during early 
germination (within 5 d at 35% germination) (Figs. 4A and B).  Similarly, the 26-kD DLP 
also declined in unprimed seeds but had a strong induction in primed ones (~ 4-fold intensity 
of that in unprimed seeds) within 5 d of germination (Figs. 4A and C).  Moreover, the 19-kD 
DLP could not be detected in unprimed seeds but was abundant in 5-d germinated primed 
seeds (Figs. 4A and D).   
3.2.4. During germination under desiccation stress   
Similar to chilling stress, the 26- and 19-kD DLPs were more abundant in primed seeds 
than the unprimed ones germinated under desiccation stress (Fig. 5).  Moreover, unlike under 
chilling, these bands persisted in the primed seeds till the end of germination treatment (15-d 
with <20% germination), whereas in unprimed seeds the 26-kD DLP was substantially 
depleted after 10 d of germination, and 19-kD DLP was present at exceedingly low levels 
throughout the germination (Figs. 5A, C, and D).  Our data of immunoblotting and 
densitometric analysis indicate that in general primed seeds exhibit greater accumulation of 
26- and 19-kD DLPs than unprimed seeds during germination under desiccation stress.  It is 
noteworthy that the 30-kD DLP appeared to be re-induced in primed seeds within 5-d of 
germination just as under chilling stress, and sustained these levels during further 
germination (Figs. 5A and B).  However, in unprimed seeds, it could not be detected after 5 d 
(Figs. 5A and B). 
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3.3.  CAP85 protein accumulation and gene expression 
3.3.1. During osmopriming  
 Similar to the DLPs presented above, CAP85 protein exhibits transiently increased 
accumulation during priming, but could not be detected in 8-d primed samples (Fig. 6A).  
There was ~5- fold increase in CAP85 expression in seeds osmoprimed for 4 d followed by 
its down-regulation (Fig. 6B).  However, the relative expression of CAP85 was still ~3 fold 
greater in primed dry seeds compared to unprimed seeds (see inset; Fig. 6B).   
3.3.2. During germination  
Generally, both unprimed and primed seeds exhibit increased accumulation of CAP85 
within 5 d of germination under all three environments (Figs. 7A, B and C).  However, under 
optimal conditions, CAP85 decreased after 5-d germination (Fig.7A).  The accumulation 
pattern of CAP85 in unprimed seeds under chilling stress was similar to that of optimum 
conditions (Fig. 7B).  Primed seeds, on the contrary, exhibited increasing CAP85 
accumulation throughout the germination under chilling stress (Fig. 7B).  Desiccation stress 
induced a consistent CAP85 accumulation in both seed treatments, and more pronounced in 
primed seeds (Fig. 7C). 
CAP85 expression consistently increased in both unprimed and primed seeds during 
germination under both optimal and stress conditions (Figs. 7D, E and F).  Under optimal 
conditions CAP85 expression in 10-d germinated primed seeds was 77% greater than that in 
corresponding unprimed controls, although no difference was detected for the two treatments 
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at 5-d or 15-d germination (Fig. 7D).   Additionally, in unprimed and primed seeds, the 15-d 
expression was ~13 and ~7 times greater, respectively, than the 10-d expression level; the 
corresponding difference between 15 and 10-d germination percentage was 73% versus 53%, 
and 87% versus 74 %, in unprimed and primed samples, respectively (Fig. 7D). 
Under chilling treatment, CAP85 expression in 10-d germinated unprimed seeds was ~50% 
greater than the primed ones (Fig. 7E).  However, during further germination, CAP85 was 
more up-regulated in primed seeds than the unprimed controls: resulting in ~60% greater 
expression in primed seeds at 15-d germination (Fig. 7E).  CAP85 was up-regulated under 
chilling stress in seeds germinated for 10 d compared to corresponding ‘optimal germination’ 
samples: the average expression under chilling stress was ~2.5 times of that under optimal 
conditions (compare Figs. 7D and E). 
CAP85 expression was incrementally up-regulated as germination progressed under 
desiccation stress in both unprimed and primed seeds (Fig. 7F).  Moreover, it was greater in 
primed seeds throughout the germination.  By the end of germination treatment (15-d), the 
relative expression in primed seeds was ~4 times of the corresponding unprimed controls 
(Fig. 7F).  Our data further indicate that CAP85 expression was substantially lower under 
desiccation stress compared to ‘optimal’ - germination treatment.  For example, its greatest 
expression was 4.5 fold under desiccation, detected in primed seeds germinated for 15 d with 
<20% germination, whereas corresponding ‘optimal’ treatment had an expression of 58 folds 
at >80% germination (compare Figs. 7D and F).   
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4. Discussion 
Osmopriming improves seed germination performance under not only optimal conditions 
but also under environmental stresses.  To understand the cellular mechanism of 
osmopriming, and to find potential biochemical markers for improved stress tolerance in 
primed seeds, we have studied the dynamics of DHN accumulation and transcription during 
osmopriming and subsequent germination under optimal and stress conditions. This study is 
the first to comprehensively investigate DHN metabolism as it relates to improved 
germination performance of osmoprimed seeds.  
4.1. DHN immunoblots.   
As suggested in ‘Results’, DLPs generally decrease in abundance during priming (Fig. 2).  
A same decreasing trend (e.g. 30-kD DLP) was also observed during germination of 
unprimed seeds under both optimal and stress conditions (Figs. 3-5).  It is consistent with 
previous reports on reduced accumulation of LEA proteins or transcripts in osmoprimed 
Brassica oleracea L. and Beta vulgaris L. seeds [11, 15].  Reduction of these DLPs may be 
related with seeds’ progressive loss of desiccation tolerance upon hydration [38, 39].  If so, it 
is intriguing to note an improved desiccation tolerance of primed seeds compared to 
unprimed ones, as indicated by the present and our earlier studies [8, 9]. Our immunoblotting 
data during subsequent germination seem to provide a possible explanation for this.  Three 
DLPs, i.e. 30, 26, and 19-kD, exhibit greater accumulation in primed seeds during 
germination under stress conditions (Figs. 3, 4 and 5). As previously stated, within a seed 
population there are often both germinating and germinated seeds, likely differing in their 
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proteomes.  Moreover, primed seeds, in this study, often exhibit greater germination 
percentage and better performance under stress (Figs. 1-5).  Thus, it is necessary to clarify 
that the greater accumulation of DLPs is indeed a priming-induced response rather than a 
simple reflection of changes caused by radicle emergence.   
Our data of immunoblots and densitometry scans, combined with that of germination tests, 
suggest that the greater re-accumulation of 30, 26, and 19-kD DLPs in primed seeds 
germinating under stress is independent of any influence of radicle protrusion: following 
explanation supports this notion. First, re-accumulation of 30-kD DLP is primarily a stress-
response since it substantially declined during optimal germination (Fig. 3). Second, its re-
accumulation was detected exclusively in primed seeds (Figs. 4 and 5).  On the other hand, 
26- and 19-kD accumulate under both optimal and stress conditions (Figs. 3-5), but more 
stably accumulated in primed seeds under desiccation stress (Fig. 5).  Moreover, with 
equivalent germination percentage, e.g. 5-d germinated under desiccation stress, 26- and 19-
kD exhibit greater accumulation in primed seeds than unprimed ones (Figs. 5A, C, and D).  
Even when primed seeds are less germinated, e.g. 5-d and 10-d germinated primed seeds 
(with 35% and 52% germination, respectively) under chilling stress versus 15-d germinated 
unprimed seeds (with 61% germination), both 26- and 19-kD are still more abundant in 
primed seeds (Figs. 4A and C).  This indicates that the induction of 26- and 19- kD DLPs are 
associated with priming-induced stress tolerance in germinating seeds, rather than radicle 
emergence. 
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Interestingly, all these DLPs are also transiently induced by osmopriming (Figs. 2A, D, E, 
and F). The reasons for such accumulation pattern during osmopriming are still unclear.  
However, this appears to be consistent with the notion of ‘cross-tolerance’ proposed by 
Ligterink et al. [40] where a prior exposure to priming osmoticum induced protective 
responses to temperature and salt stresses in seeds of Lycopersicon esculentum Mill. Gallardo 
et al. [41] has also earlier suggested DHN induction as one of the mechanisms for ‘cross-
tolerance’.   
To summarize, our data suggests that two mechanisms may be operating together in seeds 
germinated under stress conditions that mediate different patterns of DLP accumulation: (1) 
seed hydration-induced depletion of DLPs; (2) induction of DLP accumulation by 
environmental stresses, e.g. chilling and desiccation.  In unprimed seeds, the seed-hydration-
induced depletion of DLPs might pre-dominate the stress-induction effect, while primed 
seeds, due to prior exposure to priming osmoticum, may possess potential stress responses 
enabling them to recruit a protective system under stresses, such as DHN accumulation. 
4.2. CAP85 expression and protein accumulation 
We have investigated the expression patterns of CAP85 that encodes a DHN protein of 85 
kD in spinach and is implicated in enhancing tolerance to cellular desiccation [32].  The 
patterns of CAP85 expression during osmopriming corresponds well with its protein 
accumulation, since both indicate a transient up-regulation within 4 d of priming (Fig. 6).  
This transient up-regulation may be brought about by the initiation of pre-germinative 
metabolisms during priming, e.g. transcription factor activation, advanced DNA repair and 
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ribosome biogenesis, or greater ATP availability through a ‘head-start’ of respiratory 
metabolism [42-44].  Alternatively, it could also be a stress response to PEG treatment, 
conferring the cross tolerance to chilling and desiccation during subsequent germination 
(Figs. 6 and 7).   Though not detected after 4-d priming, CAP85 re-accumulated in primed 
dry seeds, possibly a response to the drying treatment on 8-d primed seeds (Fig. 6A).  CAP85 
expression in primed dry seeds was 3-fold greater than unprimed ones (Fig. 6B).  But for 
unclear reasons, CAP85 protein abundance in primed dry seeds was only ~70% of that in 
unprimed ones (Fig. 6A, Figs.7A, B, and C).   
CAP85 expression during optimal germination is not completely consistent with its protein 
accumulation.  Our data suggest an up-regulation of CAP85 with the increase of germination 
percentage, whereas increased accumulation CAP85 protein was only found within 5 d of 
germination (Figs. 7A and D).   However, in response to chilling and desiccation stress, the 
germinating seeds exhibited consistently increased CAP85 expression and protein 
accumulation (Figs. 7B, C, E, and F).  The trend that CAP85 accumulates with the increased 
germination percentage was especially apparent under desiccation stress (Figs. 7C and F), 
Moreover, CAP85 appears to be more abundant in primed seeds, which may be associated 
with their improved desiccation tolerance (Figs.7C and F).  
 Our data indicate that CAP85 expression was lower under desiccation compared to optimal 
germination conditions (compare Figs. 7D and F), which, given this DHNs’ inducibility 
under desiccation stress [32]seems a rather unexpected occurrence.  This could be due to 
different strategies employed to induce desiccation stress: in this study we used PEG 
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incubation, whereas Neven et al (1992) withheld watering.  However, another possibility for 
this discrepancy also exists: CAP85 expression may be influenced by the interplay of two 
factors: development (seed germination) and environmental stresses. Our results show that 
germinating seeds were developmentally restricted under desiccation; < 20% of primed seeds 
germinated with an average radicle length of < 2 mm under desiccation compared to ≥ 80% 
germination and > 20 mm radicle length under optimal environment (Figs. 1and 7) [9].  It 
may be argued, therefore, that up-regulation of CAP85 due to developmental advancement 
(i.e. germination percentage and radicle length) under optimal conditions may be higher than 
any up-regulation possibly caused by desiccation stress.  In support of this explanation, 
others have also reported that certain DHNs are indeed developmentally regulated, such as 
those found in germinating Ricinus communis L. seeds [45] and dehydrin-liken protein 
ECPP-44 in Daucus carota L. [46].Further research is needed, however, to test this notion. 
The developmental influence on CAP85, on the other hand, is not revealed as much in 
immunoblots, in that, in general, it accumulates more under environmental stresses (Figs. 7A, 
B, and C).  Nevertheless, this inconsistency between the gene expression and protein 
abundance profiles could be due to that the developmental influence may lag behind at 
protein synthesis level compared to the gene expression.  Our data from other experiments 
involving CAP85 immunoblots indicate that CAP85 exists in much greater abundance in 
non-stressed 3-week old spinach seedlings than in seeds and younger seedlings (unpublished 
results), further supporting its developmental regulation. 
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4.3  Summary  
During osmopriming, DLPs generally exhibit a decreasing trend, seemingly reflecting a 
compromised desiccation tolerance in primed seeds.  Even so, primed seeds still exhibit 
improved germination and tolerance to desiccation than unprimed ones.  Our data suggest 
that this enhanced stress tolerance may be associated with the accumulation of DHNs. The 30, 
26, and 19-kD DLPs exclusively accumulate in primed seeds in response to environmental 
stresses.  These DLPs are also transiently induced during osmopriming, and thus may confer 
the ‘cross-tolerance’ in germinating primed seeds.  Similarly, CAP85, a bona fide spinach 
dehydrin, was transiently stimulated during osmopriming, and  present with greater 
abundance in primed seeds under desiccation stress.  These DHNs, therefore, may be useful 
biochemical/molecular markers, for improved stress tolerance in primed ‘Blomesdale’ 
spinach seeds.   
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Figure captions 
Fig.1. Comparison of germination between unprimed and primed spinach (Spinacia 
oleracea cv. Bloomsdale) seeds under optimal, chilling, and desiccation conditions.  Seeds 
were primed with -0.6 MPa PEG 8000 at 15 °C for 8 days (d).  The 8-d primed seeds were 
then dried at room temperature to their original moisture content for 2 d.  Unprimed and 
primed dried seeds were then germinated under optimal (with dd H2O at 10 °C), chilling (at 
4 °C), and desiccation (with -0.8 MPa PEG 8000) conditions for 15 d.  Germination 
percentage (G15) (A), rate (T50) (B), uniformity (T10-90)(C), and radicle length (L15)(D) were 
measured. Germination rate was represented by days needed for seeds to reach 50% of G15.  
Similarly, the germination uniformity was represented by days needed for seeds to reach 
from 10% G15 to 90% G15.  Data presented are the pooled means with standard errors from 
at least three independent experiments, each with three replicates per seed treatment.  The 
pair-wise differences between means of all treatments were tested according to Tukey’s test.  
The bars labeled with different letters represent a significant difference at p < 0.05.  The ‘X’ 
in Fig. 1(B) and (C) indicates that the germination rate and uniformity data of unprimed 
seeds under desiccation is not available due to the low germination percentage (<2%). 
Fig.2. DHN immunoblots (A) and densitometric analysis (B, C, D, E, and F) of proteins 
extracted from spinach (Spinacia oleracea cv. Bloomsdale) seeds collected during 
osmopriming.  Seeds were primed with -0.6 MPa PEG 8000 at 15 °C, and collected after 1, 2, 
4, and 8-days (d) of priming.  A subsample of 8-d primed seeds was dried for 2 d at 25 °C 
(8d+2DD). Unprimed seeds (0 d) were used as the control. The relative abundance of 
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proteins in all treatments: 50- (B), 32- (C), 30-(D), 26-(E), and 19- (F) kD are quantified by 
Image J.  For each band, the seed treatment labeled with arrow is used as the calibrator with a 
defined protein accumulation of ‘1’ and indicated as *1 on corresponding densitometric bar.  
Typically, unprimed seeds were used as the calibrator.  However, in cases where the protein 
could not be detected in unprimed controls, the treatment where the band first detected was 
selected as the calibrator. For example, 2-d treatment was used as the calibrator for 19-kDa 
DLP in this figure.  The ‘X’ in Fig. 2(C), (D), (E), and (F) indicates that the corresponding 
bands are not detectable.  
Fig.3. DHN immunoblots (A) and densitometric analysis (B, C, D, E, and F) of proteins 
extracted from spinach (Spinacia oleracea cv. Bloomsdale) seeds collected during 
germination under optimal conditions.  Seeds were primed as described in ‘Materials and 
Methods’.  Unprimed and 8-d primed dry seeds were germinated at 10 °C with dd H2O, and 
collected when germinated for 0 (non-germinated), 5, 10, and 15 d.   The germination 
percentage (%G) at every time point is also indicated (A).  Unprimed non-germinated seeds 
were used as the control.  The relative abundance of proteins in all treatments: 30- (B), 26- 
(C), 19-(D), 15-(E), and 13- (F) kD are quantified by Image J. For each band, the seed 
treatment labeled with arrow is used as the calibrator with a defined protein accumulation of 
‘1’ and indicated as *1 on corresponding densitometric bar.  Typically, unprimed non-
germinated seeds were used as the calibrator.  However, in cases where the protein could not 
be detected in unprimed controls, the unprimed germination treatment where the protein first 
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detected was selected as the calibrator (see caption for Fig.2).  The ‘X’ in Fig. 3(B), (C), (D), 
(E), and (F) indicates that the corresponding bands are not detectable. 
Fig.4. DHN immunoblots (A) and densitometric analysis (B, C, and D) of proteins extracted 
from spinach (Spinacia oleracea cv. Bloomsdale) seeds collected during germination under 
chilling stress.  Seeds were primed as described in ‘Materials and Methods’.  Unprimed and 
8-d primed dry seeds were germinated at at 5 °C with dd H2O, and collected when 
germinated for 0 (non-germinated), 5, 10, and 15 d.   The germination percentage (%G) at 
every time point is also indicated (A).  Unprimed non-germinated seeds were used as the 
control.  The relative abundance of proteins in all treatments: 30- (B), 26- (C), 19-(D) kD are 
quantified by Image J.  For each band, the seed treatment labeled with arrow is used as the 
calibrator with a defined protein accumulation of ‘1’ and indicated as *1 on corresponding 
densitometric bar.  Typically, unprimed non-germinated seeds were used as the calibrator.  
However, in cases where the protein could not be detected in unprimed controls, the 
unprimed germination treatment where the protein first detected was selected as the 
calibrator (see caption for Fig.2).  The ‘X’ in Fig. 4(B), (C), and (D) indicates that the 
corresponding bands are not detectable. 
Fig.5. DHN immunoblots (A) and densitometric analysis (B, C, and D) of proteins extracted 
from spinach (Spinacia oleracea cv. Bloomsdale) seeds collected during germination under 
desiccation stress.  Seeds were primed as described in ‘Materials and Methods’.  Unprimed 
and 8-d primed dry seeds were germinated at 10 °C with -0.8 MPa PEG 8000, and collected 
when germinated for 0 (non-germinated), 5, 10, and 15 d.  The germination percentage (%G) 
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at every time point is also indicated (A).  Unprimed non-germinated seeds were used as the 
control.  The relative abundance of proteins in all treatments: 30- (B), 26- (C), 19-(D) kD are 
quantified by Image J.  For each band, the seed treatment labeled with arrow is used as the 
calibrator with a defined protein accumulation of ‘1’ and indicated as *1 on corresponding 
densitometric bar.   Typically, unprimed non-germinated seeds were used as the calibrator.  
However, in cases where the protein could not be detected in unprimed controls, the 
unprimed germination treatment where the protein first detected was selected as the 
calibrator (see caption for Fig.2).  The ‘X’ in Fig. 5(B), (C), and (D) indicates that the 
corresponding bands are not detectable.  
Fig. 6. CAP 85 protein accumulation (A) and gene expression (B) in spinach (Spinacia 
oleracea cv. Bloomsdale) seeds during osmopriming.  Seeds were primed with -0.6 MPa 
PEG 8000 at 15 °C, and collected after 1, 2, 4, and 8-days (d) of priming.  A subsample of 8-
d primed seeds was dried for 2 d at 25 °C (primed dry seeds) (8 d+2DD).  CAP85 protein 
accumulation was studied by immunoblotting using anti-dehydrin antibody with 15-µg 
protein loadings.  The relative abundance of CAP85 in all treatments is quantified by Image J.  
Unprimed seeds are used as the calibrator with a defined protein accumulation of ‘1’ and 
indicated as *1 on corresponding densitometric bar.  The ‘X’ in (A) indicates that CAP85 is 
not detectable.  CAP85 expression of 1-d primed seeds was assigned a value of ‘1’ (*1) and 
used as the calibrator for qPCR during osmopriming (main figure ‘B’).  Similarly, for 
comparing unprimed versus primed dry seeds, unprimed seeds were used as the calibrator for 
CAP85 expression (inset’B’). qPCR data are means from three replicates with standard errors.  
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The pairwise differences between means of all treatments were tested according to Tukey’s 
test.  The bars labeled with different letters represent a significant difference at p < 0.05.   
 Fig.7. CAP 85 protein accumulation (A, B, and C) and gene expression (D, E, and F) in 
spinach (Spinacia oleracea cv. Bloomsdale) seeds during germination under optimal, chilling, 
and desiccation conditions.  Spinach seeds were primed with -0.6 MPa PEG 8000 at 15 °C 
for 8 days (d), followed by 2-d slow drying at room temperature.  Unprimed and 8-d primed 
dry seeds were germinated at 10 °C with dd H2O (A and D), at 5 °C with dd H2O (B and E), 
and at 10 °C with -0.8 MPa PEG 8000 (C and F).  Seeds were collected when germinated for 
5, 10, and 15 d.  CAP85 protein accumulation was studied by immunoblotting using anti-
dehydrin antibody with 15-µg protein loadings.  The relative abundance of CAP85 in all 
treatments is quantified by Image J (A, B, and C).  Unprimed seeds are used as the calibrator 
with a defined protein accumulation of ‘1’ and indicated as *1 on corresponding 
densitometric bar. The ‘X’ in (A) indicates that CAP85 is not detectable.   CAP85 expression 
of 5-d unprimed seeds germinated under optimal conditions was assigned a value of ‘1’ (*1) 
and used as the calibrator for qPCR.  The percent germination at each time point (5, 10, and 
15-d) for unprimed and primed seeds under three environments are indicated above 
corresponding bars (D, E, and F). Data presented are means from three replicates with 
standard errors.  The pairwise differences between means of all treatments were tested 
according to Tukey’s test.  The bars labeled with different letters represent a significant 
difference at p < 0.05. 
 
  
        Fig.1 
130 
 
125 
  
 
 
Fig. 2 
 
131 
 
126 
  
 
 
Fig. 3 
132 
 
127 
  
         Fig. 4 
 
133 
 
128 
  
Fig. 5 
134 
 
129 
  
 
 
Fig. 6 
 
 
135 
 
130 
  
136 
 
131 
Fig. 7 
132 
 
 
 
CHAPTER 5. SELECTION OF REFERENCE GENES FOR NORMALIZING GENE 
EXPRESSION DURING SEED PRIMING AND GERMINATION USING QPCR                         
IN ZEA MAYS AND SPINACIA OLERACEA 
 
A paper published in Plant Molecular Biology Reporter DOI 10.1007/s11105-011-0354 
 
Keting Chen1, Anania Fessehaie2, and Rajeev Arora1* 
1Department of Horticulture and 2Seed Science Center, Iowa State University, Ames, IA 
50011-1100, USA 
 
 
*Corresponding author: 
 
Rajeev Arora 
Department of Horticulture, 
Iowa State University, 
Ames, IA 50011-1100, USA 
E-mail: rarora@iastate.edu 
Tel: 01-515-294-0031 
Fax: 01-515-294-0730 
133 
 
 
 
Abstract 
Quantitative real-time RT-PCR (qPCR) has been widely used to investigate gene 
expression during seed germination, a process involving seed transition from dry / 
physiologically inactive, to hydrated / active state.  This transition may result in altered 
expression of many housekeeping genes (HKGs), conventionally used as internal controls, 
thereby posing a challenge about selection of HKGs in such scenarios. The objectives of this 
study included identifying valid reference genes for seed priming and germination studies, 
both of which involve the transition of seed hydration status, and assessing whether or not 
findings derived from the 'seed model' used in this study would also be applicable to other 
plant species.  Eight commonly used HKGs were evaluated in maize seeds during 
hydropriming and germination. Using Bestkeeper, geNorm, and NormFinder, we provided a 
rank of stability for these HKGs.  Actdf, UBQ, βtub, 18S, Act, and GAPDH were adjudged as 
valid internal controls by geNorm and NormFinder.   Under the second objective, we 
conducted a case study with spinach seeds collected during osmopriming and germination.  
Our results indicate that the conclusions derived from maize were applicable to spinach as 
well, in that 18S exhibited greater expression stability than GAPDH in osmoprimed and 
germinated seeds; this held true even under stress conditions.  While both of these genes 
were rejected by BestKeeper, we found that 18S exhibited stable expression when ‘dry’ and 
‘hydrated’ seeds were analyzed as separate data sets.  Although this approach precludes the 
comparison between ‘hydrated’ and ‘dry’ seeds, it still provides effective comparison among 
samples of same hydration status. 
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Key words: housekeeping genes, BestKeeper, geNorm, NormFinder, maize, spinach 
Abbreviations: HKG, housekeeping genes; 18S, 18S rRNA; αtub, alpha-tubulin; βtub, belta 
2-tubulin; Actdf, actin depolymerizing factor; Act, actin; GAPDH, glyceraldehydes-3-
phosphate dehydrogenase; Glub, globulin; UBQ, ubiquitine 
 
Introduction 
In recent years, quantitative real-time RT-PCR (qPCR) has become the ‘gold standard’ for 
quantification of gene expression due to its high sensitivity, specificity, and reproducibility 
(Bustin et al 2009).  The measured variation in gene expression between untreated and 
treated samples can be caused by two sources: (1) the biological variation, which is desired 
and explains the phenotype, i.e. difference among the treatments; (2) experimentally 
introduced non-specific variation, e.g. the quantity and quality of RNA templates, efficiency 
of reverse-transcription, etc. (Vandesompele et al. 2009).  The most common way of 
removing the non-specific variation is to normalize the expression of target genes based on 
that of the endogenous control genes [often house-keeping genes (HKG)], i.e. the so-called 
‘relative’ quantification method.  This method is being widely used to investigate gene 
expression related to diverse aspects of plant biology, such as metabolism, growth and 
development (seed development and germination), and stress responses to cold, drought, 
salinity, and light (Shou et al. 2004; Gong et al. 2005; Nicot et al. 2005; McGinn and Morel 
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2008; Peng et al. 2008; Sawada et al. 2008; Wohlbach et al. 2008; Kawade and Masuda 2009; 
Løvdal and Lillo 2009; Si et al. 2009).  
Seed germination is a rather unique process (unlike most other growth and developmental 
phenomena) that involves the transition of seeds from a dry and inactive state to one of 
hydrated and active state (van der Geest 2002). This state transition is accompanied by the 
resumption of respiratory activities, membrane repair, biosynthesis of macromolecules (i.e. 
new proteins and mRNAs), and cell elongation (Nonogaki et al. 2010).  qPCR has been 
widely used to elucidate the physiological changes underlying this state transition, such as 
profiling of mitochondrial transcriptome in germinating wheat seeds, transcriptional and 
functional analysis of Della proteins in imbibed Arabidopsis seeds, and investigating the 
signal transduction and metabolisms of ABA and GA in lettuce seeds during early 
germination (Swada et al. 2009; Naydenov et al. 2010; Gallego-Bartolomé et al. 2010).  
 However, a technical concern arises that some HKGs may also have fluctuating expression 
specifically attributed to the dry-to-hydrated (inactive-to-active) state transition.  Several 
strategies have been used to address this issue, such as creating an ‘artificial HKG’ with a 
stable expression during seed germination, or conducting a genome-wide search for 
uniformly expressed sequences among sample treatments (Czechowski et al. 2005; 
Argyropoulos et al. 2006; Narsai et al. 2010).   However, all of them have some limitations 
precluding their wide use.  For example, Argyropoulos et al. (2006), by tailing cDNA with 
DNA adaptors, created an artificial HKG (complementary tailing DNA sequence) that had 
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stable expression across the treatments.  But preliminary PCR experiments need to be 
conducted to check that primers designed from this artificial gene do not amplify any non-
specific DNA products, which involves significant time and effort.  Genome-wide searching 
for valid endogenous references, on the other hand, may not be a method of choice either, 
when funding and resources are scarce.   
Therefore, the first objective in the present study is to find the appropriate internal reference 
gene(s) through a ‘traditional’ way, i.e. to select HKGs that exhibit stable expression in seeds 
sampled before, during, and after the ‘seed state transition’ mentioned above. In total eight 
HKGs were selected as candidate endogenous controls (Guénin et al. 2009), each with 
different functions: some are directly involved in metabolisms resumed during germination, 
whereas others not.  These genes are also conventionally considered candidates as internal 
controls and assumed to be stably expressed (Qi et al. 2010; Rivera-Vega et al. 2011; Chang 
et al. 2011; Gupta et al. 2011; Liu et al. 2011; Yang et al. 2011; Yang et al. 2011). Seed 
priming (hydro- and osmo-priming), a process which prevents germination and allows only 
seed partial hydration by controlling the external water potential, temperature, and duration 
of imbibition, is often considered as a good model to study this transition (Soeda et al. 2005; 
Varier et al. 2010).  Accordingly, untreated dry seeds and germinated seeds can be 
considered as samples before and after the state transition, respectively.  Maize was used as 
the model due to its agricultural and economic merits, and well-characterized genome (Gore 
et al. 2009; Schnable et al. 2009; Soderlund et al. 2009), where the sequences of most 
commonly used endogenous controls are available.  To ensure the validity of our conclusions, 
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we used three different arithmetics (BestKeeper, geNorm, and NormFiner) to rank eight 
candidate reference genes in their expression stability. 
Our second objective is to test whether the conclusions derived from maize can be 
applicable to seed priming/germination studies with other species as well.  For this purpose, 
we conducted a case study with osmoprimed and germinated ‘Bloomsdale’ spinach seeds.  
We also incorporated germination under chilling and desiccation stresses to test the effect of 
environmental stress treatments, if any.  
 
Materials and Methods 
Seed treatment and sample collection 
Maize (Zea mays var. Prairie hybrids 4750) seeds were germinated on water-moist paper 
towels at 30 °C in dark according to AOSA protocols (AOSA 2010).  Seeds with 24 h 
imbibition without radicle protrusion were collected as the sample of hydroprimed seeds.  
Seeds with 48 h imbibition with radicle length of 1 cm were collected as the germinated seed 
samples.    
Spinach (Spinacia oleracea cv. Bloomsdale) seeds were osmoprimed with -0.6 MPa PEG 
8000 at 15 °C according to Chen et al. (2010) and collected after 8-d of priming.  A 
subsample of 8-d primed seeds was slowly dried to their original moisture content at room 
temperature for 2 d, and then collected as primed-dried samples.   
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For the environmental stress study, the unprimed spinach seeds were germinated under 
three conditions: normal [(at 10 °C with deionized distilled water (dd H2O)], chilling (at 4 °C 
with dd H2O), and desiccation (at 10 °C with -0.8 MPa PEG 8000) according to Chen et al. 
(2010).  The 15-d germinated seeds (under above-described conditions) and unprimed dry 
seeds (control) were collected. 
qPCR 
Maize and spinach seed samples were ground into fine powder with liquid N2 by mortars 
and pestles that had been baked at 160 °C overnight and cooled to the room temperature.   
Total RNA were extracted from 100 mg ground tissue samples with TRIzol Plus RNA 
Prification Kit (Invitrogen Life Technologies, Carlsbad, CA, USA). The RNA concentration 
was determined by Nanodrop ND-1000 spectrophotometer (NanoDrop, Wilmington, DE, 
USA). RNA integrity was assessed by electrophoresis in 1% (w/v) formaldehyde agarose 
gels, and its purity was checked by the absorption ratio of RNA extract at 260 nm and 280 
nm.  Only RNA samples with A260/A280 ranging from ~1.9 to ~ 2.0 (indicating high purity 
with little protein and DNA contamination) were used for further experiments.  Removal of 
residual genomic DNA, and first-strand cDNA synthesis were performed with Rnase-free 
DNase I (Invitrogen Life Technologies, Carlsbad, CA, USA), and qScriptTM cDNA 
SuperMix (Quanta BioSciences, Gaithersburg, MD, USA) following the manufacturer’s 
instructions.   
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In total eight commonly used reference genes were evaluated in unprimed, hydroprimed, 
and germinated maize seeds: 18S rRNA (18S), alpha-tubulin (αtub), belta 2-tubulin (βtub), 
actin depolymerizing factor (Actdf), actin (Act), glyceraldehydes-3-phosphate dehydrogenase 
(GAPDH), globulin (Glub), and ubiquitine(UBQ).  The oligonucleotide primers used for 18S 
were adopted from published sequence data in Shou (2003).  The primers for the other 
candidate reference genes were designed using Primer 3 software (Whitehead Insitute for 
Biochemical Research in Cambridge, MA, USA), the sequences, and corresponding length of 
amplicons are listed in Table 1.  Considering the different expression levels of HKGs, we 
have used different dilution ratios of cDNA to get the threshold cycles (Cqs) of all HKGs in 
the range of ~18-25, where the florescent signal appears to be most stable. The 1:1000 
diluted cDNA (1 ng) was used in qPCR for Glub and 18S; 1:100 diluted cDNA (10 ng) for 
Actdf, Act, αtub, and 1:5 diluted cDNA (200 ng) for UBQ, βtub and GAPDH.   
The PCR reaction mixture contained 12.5 µl of PerfeCTaTM SYBR® Green FastMixTM, 
ROX (Quanta BioSciences, Gaithersburg, MD, USA), 1.8 µl of primer solution (with a 
concentration of 900 nM), 2 µl of cDNA diluted with different ratios, and 8.7 µl of RNase-
free dd H2O.  The qPCR assay was performed with Applied Biosystems 7900 (ABI, Foster 
City, CA, USA). The amplification of all genes was performed by an initial heating at 95 °C 
for 10 min, followed by 40 cycles of heating at 95 °C for 15 s and a1- min incubation at 
60 °C.  At the final cycle of amplification, the specificity of PCR reactions was checked by 
the melting temperature of the amplicon (Tm), calculated from a dissociation curve obtained 
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by increasing the temperature from 60 to 95 °C.  PCR efficiencies of all primers were 
checked by qPCR with serially diluted cDNA, and are listed in Table 1. 
18S and GAPDH, the only two HKGs among the eight candidates with primers available in 
spinach, were selected and evaluated in ‘Bloomsdale’ spinach seed samples by qPCR using 
the above-described procedures. 
Data analysis 
Each experiment described above has been independently repeated at least twice. The 
pooled data were analyzed by three arithmetics (i.e. BestKeeper, geNorm, and Normfinder), 
and manual evaluation method according to Dheda et al. (2004), to estimate the expression 
stability of reference genes in maize and spinach samples. Cqs of each sample treatment, i.e. 
the number of cycle at which the fluorescent signal was significantly greater than the 
threshold value, were analyzed using BestKeeper (Pfaffl et al. 2004). The Cq values were 
also converted into relative expression quantity by the comparative ∆Cq method based on the 
efficiencies of primers, and then subjected to the analysis of geNorm and NormFinder 
(Vandesompele et al. 2002; Anderson et al. 2004).   
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Results and Discussion 
HKGs expression is influenced by seed hydration: implications in seed germination 
physiology  
Generally, seed water absorption (imbibition) during normal germination can be divided 
into three stages: phase I is marked by rapid water uptake driven by the matric forces; phase 
II is a ‘preparation’ stage that is marked by considerable metabolic activities without any 
‘net’ water uptake; and phase III involves radicle protrusion accompanied by a second burst 
of water absorption (Bewley and Black 1994).  Seed priming, by exposing seeds to low 
external water potentials (e.g. osmopriming) or with restricted hydration (i.e. by short-time 
hydropriming), prevents seed germination but allows partial hydration.  Therefore, primed 
seeds are essentially akin to those in phase II water absorption of a normal germination.  
To evaluate the influence of water uptake on the expression of eight candidate reference 
genes, we selected hydroprimed and germinated maize seeds to represent seeds in phase II 
and phase III, respectively.  Dry seeds were used as the control.  The Cq values for each 
sample treatment were analyzed by BestKeeper (Pfaffl et al. 2004).  Our data indicate that 
the expression of all eight candidate reference genes fluctuate in response to seed hydration, 
although to different extents. For example, the Cq standard deviations of Actdf, UBQ, βtub, 
18S, and Act were <1, compared to ~3.5 for αtub (Table 2).  To determine the source of these 
rather large fluctuations, we removed Cq values for control (dry) seeds, and analyzed the 
remaining data set with BestKeeper.  Consequently, substantially smaller standard deviations 
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of Cq values were observed for all HKGs, especially GAPDH, Glub, and αtub: with standard 
deviations of 0.02, 0.08, and 0.31 versus 2, 1.69, and 3.53 before discounting unprimed/dry 
controls (Table 2 and 3).  Thus, it is likely that the gene expression variations, especially for 
GAPDH, Glub, and αtub, observed among dry, primed, and germinated seeds primarily arose 
from the ‘seed hydration’ effect.  However, the transition of seeds from phase II (partial 
hydration) to phase III (full hydration) may not influence the expression of candidate 
reference genes, since both phases represent ‘hydrated seeds’ and are, therefore, past the 
checkpoint, i.e. the phase I to phase II transition, where hydration bias is indeed induced. 
The phase II of water imbibition is a stage where pre-germination metabolism is activated 
allowing seeds to transition from dry and physiologically inactive to a germinating and 
physiologically active state.  Therefore, changes in HKGs’ expression related to phase I-to- 
phase II transition may be essentially due to stimulation of ‘pre-germination’ metabolisms.  
In the present study, HKGs with most fluctuated expressions are those directly involved in 
these metabolic activities.  For instance, GAPDH, Glub, and αtub may be related to three 
major metabolic events occurring during early imbibition stage: stimulation of respiratory 
activities, early reserve mobilization, and embryo growth, respectively (Nonogaki et al. 
2010).  However, the metabolisms initiated in phase II may be eventually stabilized with no 
further significant changes occurring onwards.  Consequently, negligible variations of gene 
expression were observed between phase II (hydroprimed) and phase III (germinated) seeds 
(Table 3). 
143 
 
 
 
How stable candidate reference genes are? Assessment by BestKeeper, geNorm, and 
NormFinder 
BestKeeper 
For relative quantification of transcription, the Cq values of target genes were standardized 
to a reference gene typically assumed to have constant expression across the sample 
treatments.  So, the question arises: by what criteria is a candidate reference gene considered 
to be stably expressed?  Dheda et al. (2004) suggested that reference genes can be valid when 
the average fold changes in their transcription are < 2 and maximum fold changes are < 5.  
Standard-deviation-based methods, such as single-factor ANOVA and liner regression 
analysis, are also used to compare the expression stability of multiple internal controls 
(Brunner et al. 2004).   
However, in recent years, researchers have used elaborated arithmetic to calculate the 
expression stability of candidate reference genes in multi-gene comparison (González-
Verdejo et al. 2008; Tong et al. 2009; Wan et al. 2010).  BestKeeper, is one of the most 
commonly used arithmetic, which not only compares the standard deviations of Cq values 
but also examines the inter-HKG relationship based on the pair-wise correlations and p-value.  
Pfaffl et al.(2004) proposed that instead of using a single gene as the reference, a ‘weighted 
expression index’ derived from the expression of several appropriate reference genes would 
be more accurate in normalizing the data from qPCR.  The criteria by which BestKeeper 
screens the components of expression index require valid reference genes possessing not only 
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small variability in Cq values but also similar expression patterns as other candidates 
(Vandesompele et al. 2009).  Generally, the smaller the standard deviation, the greater the 
correlation coefficients (r), and the smaller the corresponding p-values, the more suited genes 
are to be included into the expression index (Pfaffl et al. 2004). 
In the present study, GAPDH, Glub, and αtub were rejected as appropriate internal controls 
due to a relatively larger standard deviation of Cq values (> 1), even though GAPDH and 
αtub were significantly correlated with the expression index (r = ~0.99, p-value < 0.001) 
(Table 2).  Actdf, UBQ, and βtub appear to be the optimal combination for the expression 
index due to their relatively small standard deviations for Cq values (< 1), and high 
correlation with the expression index (r > 0.9, p-value < 0.001) (Table 2).   
It deserves attention that 18S and Act, though less fluctuated in their expression (Cq 
standard deviations = ~0.3), were rejected by BestKeeper for being included in the index due 
to their non-significant correlation with the expression index (p-value > 0.01). 18S and Act 
are differentially regulated vis-à-vis the recommended genes (Actdf, UBQ, and βtub) during 
seed priming and germination as indicated by their negative correlation coefficients (Table 2).  
Moreover, the raw data (Cq values) also suggested a different expression pattern for 18S and 
Act manifested by their decreasing Cq values, whereas the opposite was observed for Actdf, 
UBQ, and βtub (data not shown).  As stated earlier, the criteria for BestKeeper’s selection of 
valid expression index is based on its member genes’ similar expression patterns with respect 
to each other.  Thus, we interpret the rejection of 18S and Act by BestKeeper as a caution 
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against including them into the expression index composed by Actdf, UBQ, and βtub rather 
than an indication of their invalidities as reference genes.  Indeed, we have independently 
analyzed these two genes (separated from the other candidates) using BestKeeper.  Both of 
them exhibit a high correlation with the expression index of 18S and Act (r > 0.99, p-value < 
0.001) (data not shown), indicating a high likelihood of composing a valid expression index 
including 18S, Act, and other potentially stably-expressed genes (unknown in the present 
study) with similar expression patterns. 
geNorm 
It is noteworthy that BestKeeper did not provide a direct comparison of the expression 
stabilities among the eight HKGs.  To get a better-elucidated rank of stability, we have 
converted the raw data into relative expression quantities by comparative Cq method 
(geNorm manual) and analyzed the converted dataset with geNorm.  Similar to BestKeeper, 
geNorm incorporates the expression patterns of all candidate reference genes to calculate the 
expression stability (M value) for an individual candidate.  M value is defined as the average 
pairwise variation of a particular gene with all other internal controls (Vandesompele et al. 
2002).  These authors assumed the expression ratio of two ideal internal controls to be 
constant across all sample treatments, resulting in an exceedingly small M value that 
indicates greater stability.  Candidate references with an M-value greater than 1.5 were 
rejected from being used as the endogenous controls.  In the present study, a well-defined 
rank of stabilities among eight HKGs was provided by geNorm.  The most stable HKGs 
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appear to be Actdf and UBQ (i.e. M = 0.30); the stability of candidate reference genes 
decreases with the increase in M-value (Fig. 1A).  Glub and αtub, with an M-value of 1.64 
and 2.12, are ranked as the least stable HKGs and thus rejected by geNorm (Fig.1A).    
Vandesompele et al. (2002), being the first to propose that using multiple endogenous 
controls is more advantageous than a single reference, also developed strategies to determine 
the optimal number of control genes for normalization.  Here, pairwise variation (Vn/n+1) is 
analyzed between two sequential normalization factors (NF) NFn and NFn+1 ( calculated 
based on the geometric average among the three most stable genes’ relative expression 
quantities and stepwise inclusion of the other genes in the order of their expression stability) 
to determine whether including the (n+1)th internal control is required.   The cut-off value of 
Vn/n+1 selected by Vandesompele et al. (2002) is 0.15, indicating that inclusion of extra 
references is unnecessary for any Vn/n+1  below 0.15. Our data suggested that using the pair of 
Actdf and UBQ (two most stable genes) was sufficient for normalization during seed priming 
and germination (V2/3 = 0.139) (Fig. 1B).  
NormFinder 
To further check the validity of our results, we analyzed our data using NormFinder, a 
model-based approach that calculates the stability of internal controls by incorporating 
variations arising from biological and experimental factors, and mRNA quantity in each 
sample (Anderson et al. 2004).  Similar to geNorm, internal controls with lower variations 
calculated by NormFinder exhibit greater stability.   
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As is shown in Table 4, the stability rank provided by NormFinder is the same as the one 
from geNorm: Actdf appears to be most stable internal control whereas αtub the least.  This 
indicates that different arithmetics may have little influence in ranking the average 
expression stability of candidate internal controls, also supported by previous studies 
addressing the similar issues (Tong et al. 2009; Maroufi et al. 2010; Wan et al. 2010).  While 
geNorm suggests using Actdf and UBQ is sufficient for expression normalization during seed 
priming and germination (Fig. 1B), NormFinder indicates Act and GAPDH to be the best 
combination with a relatively low variation value of 0.12 (Table 4).  It is intriguing that 
unlike geNorm, NormFinder provides a different optimum combination of Act and GAPDH, 
both of which individually are only ‘moderately’ stable, and yet, when paired, exhibit a low 
variation value of 0.12. 
 
Seed osmopriming and germination of ‘Bloomsdale’ spinach: A case study 
The first objective of the present study was to find valid endogenous references genes for 
gene expression analysis during seed priming and germination, both of which involve seed 
state transition. We analyzed our results using three different approaches: BestKeeper, 
geNorm, and NormFinder (i.e. pairwise comparison- and model-based approaches). These 
approaches provide consistent conclusions: Actdf is the most stable internal control among 
the eight candidate genes whereas αtub appears to be least stable.  BestKeeper marked 
GAPDH, Glub, and αtub as improper endogenous controls due to their relatively high 
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standard deviations of Cq value (>1) (Table 2), whereas geNorm rejects Glub and αtub.  
NormFinder, though not providing a cut-off value of expression stability to disqualify the 
candidate references, suggests Act and GAPDH as the best combination for multiple internal 
controls.  Interestingly, GAPDH also exhibits moderate stability during seed development, 
which, in contrast with germination, involves reduction of seed moisture (Li et al. 2010).  
Thus, we do not exclude GAPDH from the index of valid endogenous reference controls.  
However, one must treat GAPDH with caution, since, though geNorm does not disqualify 
GAPDH, its M-value is 1.2, i.e. close to the cut-off value (1.5).  This seems to indicate that 
although seed development involves in reduction of seed moisture content, it is not a 
reversible process of germination.  Moreover, HKGs that exhibit relatively large fluctuations, 
are also those involved in major pre-germinative events, i.e. resumption of respiratory, early 
reserve mobilization, and embryo growth.  Thus, we recommend avoiding using such genes 
when studying gene expression patterns during priming and germination, and focusing on 
evaluating the expression stability of genes that are not obviously related with pre-
germinative metabolisms. 
It deserves attention that the seed model we selected for HKG validation is relatively ‘ideal’ 
in that the genome of maize is well-characterized (Gore et al. 2009; Schnable et al. 2009; 
Soderlund et al. 2009) and environmental stress factors during seed germination are not 
involved.  However, the research on seed physiology during germination is not limited to 
only species with well-characterized genomes (such as Arabidopsis, rice, and maize) and 
may involve study of gene expression patterns under stress conditions.  So, how should one 
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address this dilemma when constrained by resources and working with species of which the 
sequences of many HKGs are unknown? The present paper attempts to provide a potential 
strategy for efficient utilization of resources under such scenarios.  
We recommend selecting among above-qualified HKGs in maize, i.e. Actdf, UBQ, βtub, 
18S, and Act.  However, this suggestion is premised in an assumption that our conclusions 
derived from maize are consistent across other species.  To check the validity of this premise, 
we conducted a case study in ‘Bloomsdale’ spinach during seed osmopriming and 
germination.  Our sampling strategy is described in ‘Methods’ and incorporates different 
hydration levels of seeds and environmental stresses (chilling and desiccation) as factors 
potentially influencing gene expression.  
According to published literature, among the tested eight HKGs, only the primers for 18S 
and GAPDH are available for spinach.  Based on our previous conclusions, the expression 
stability of both HKGs should be influenced by hydration bias; and 18S should exhibit 
greater stability than GAPDH in spinach during osmopriming and germination.  We have 
used BestKeeper to calculate the standard deviations of the Cq values.  18S exhibits a smaller 
standard deviation as well as coefficient of variance than GAPDH, though both of them are 
rejected by BestKeeper (Table 5).  We further analyzed the data exclusively for osmoprimed 
and germinated seeds, i.e. samples that are past the checkpoint of ‘hydration bias’ using 
BestKeeper; this allowed us to separate the data for hydrated or non-hydrated samples 
(unprimed controls and 8-d primed dried seeds).  Resultantly, both of the genes showed 
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dramatically reduced standard deviations: 2.62 versus 0.71 for 18S, and 4.27 versus 2.03 for 
GAPDH for ‘combined’ and ‘hydrated’ datasets, respectively.  Similarly, in the analysis of 
only dry sample dataset (unprimed and primed dry seeds), both 18S and GAPDH exhibit 
reduced standard deviation, i.e. 0.81 and 1.17, respectively (Table 5).  Thus, our data in 
spinach agree with the conclusions from the maize study that during seed germination, the 
hydration bias profoundly impacts the expression of HKGs.  Hence, caution should be 
exercised while selecting reference genes for studies involving transition in seed hydration 
status, e.g. seed development, priming, and germination. 
18S seems to be stable as indicated by its relatively small standard deviation in the separate 
datasets of dry and non-dry samples (Table 5).  GAPDH, on the contrary, was disqualified in 
this analysis (Table 5).  This indicates that for GAPDH in spinach, seed hydration status may 
not be the sole factor influencing its expression, and that environmental stresses may also 
cause change in its transcription.  Indeed, previous reports suggested that GAPDH expression 
fluctuated under cold stress in tomato and potato (Nicot et al. 2005; Løvdal and Lillo 2009).  
On the other hand, 18S appears to be more resistant to such fluctuation compared to GAPDH; 
the latter, being involved in respiration metabolism, is potentially more likely to respond to 
environmental stresses.  
Our results suggest that using 18S to normalize the gene expression separately for dry and 
hydrated seeds rather than the whole dataset seems to be an effective alternative.  
Consequently, we further checked the validity of 18S as the internal control through the 
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method of Dheda et al. (2004), since BestKeeper, geNorm, and NormFinder are all 
arithmetics designed for multi-gene comparison.  We found 18S exhibited an average fold 
change of ~2 in both dry and non-dry samples with the standard deviation of fold change 
within 1.5, and thus can be considered as stably expressed according to Dheda et al. (2004) 
(Fig.2).   
 
Concluding remarks 
In this study, we only examined the expression patterns of 8 HKGs during seed hydration.  
Our data suggests that all these genes are influenced by the ‘hydration bias’.  However, we 
cannot rule out the possibility that there might be other HKGs or even unknown genes 
unaffected by the hydration bias.  Ideally, transcriptomic analysis is needed to search for new 
reference genes, which may often be impractical due to limited resources.  Alternatively, 
HKGs with known functions may be studied; first excluding those involved in changes in 
metabolism under certain physiological processes, and then focusing on those that are 
remotely related with these metabolic pathways. 
Similarly, in our case study with spinach, we deal with a less than ideal system, where the 
genomic background of spinach is poorly understood, and thus the sequence data is only 
available for few HKGs.  Vansedompele et al. (2002) recommend that at least three genes 
should be used for comparison and normalization in qPCR studies.  However, in our study, 
only two primer pairs were available with known sequence.  Therefore, we chose to use the 
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above-described strategy to compare 18S and GAPDH.  We understand that 18S may not be 
an ideal reference gene due to its high expression and instability of rRNA/mRNA ratio in 
cells.  Moreover, while comparing 18S and GAPDH as potentially suitable reference gene 
controls, it must be recognized that rRNAs are synthesized by different RNA polymerases 
than GAPDH and other mRNAs and that they have a different “fate” in the cell.  However, 
under the present scenario, we consider 18S as an acceptable internal control, which, at least, 
exhibits moderate stability with two diverse species: maize and spinach.  Indeed, despite all 
known limitations/challenges, 18S is still widely adopted in numerous gene expression 
studies as an internal control (Tyler et al. 2004; Yamauchi et al. 2004; Blödner et al. 2007; 
Sawada et al. 2008). 
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Table 1  Primer sequences of candidate reference genes in maize (Zea mays): actin depolymerizing factor (Actdf), ubiquitin (UBQ), 
beta 2-tubulin (βtub), actin (Act), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), globulin (Glub), and alpha tubulin 
(αtub); and in spinach (Spnacia oleracea): GAPDH.  The primers were designed as based on the published sequences with 
Genbank accession No., their corresponding PCR efficiencies (mean ± standard deviations) and amplicon length are provided 
below 
Gene Primer sequence Accession 
No. 
  PCR/Primer 
efficiency (%). 
Amplicon   
length (bp) 
Actdf F: CAAACAGCCTCCCTGAGAATG            
R: TGGACATCCTCTGCAGTAACAAA 
X97726 98.9 ± 1.2 72 
UBQ F: GTGAGTCGTGACTGAGCTGGTT           
  R: ATATGCGGTCGCACGATAGTT 
EU959403 97.4 ± 2.3 72 
βtub F: ACGTTAAATCGAGCGTTTGTGA           
R: CCCACGAAGGTGGAAGACA 
X52879 98.1 ± 1.0 63 
Act F: GACCGAGGCCCCTCTCA                 
R: CATTCGAAGGTTTCAAACATAATCTG 
J01238 96.8 ± 2.5 71 
GAPDH F: CAAGTCCGTCGCCATCGT                
   R: TGCATGCTTGCACCCTGTA 
X75326 99.4 ± 0.7 61 
Glub F: GCCGGAAGAAACTGGTCATC             
R: GGCCGAAGAAGAACTGGAACT 
M24845 97.9 ± 0.9 74 
αtub F: GCCCCTGTAATATCTGCTGAGAA         
R: GGCTCAAATACAGCATTGGTGAT 
AJ420859 96.2 ± 2.3 76 
GAPDH 
(spinach) 
F: CGTAGCTGACTTTTCTGGATTACG        
R: GCAGCTATGACATCATGAAATGAAG 
X15189 98.2 ± 0.3 80 
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Table 2  BestKeeper-analysis of expression stability of reference genes during priming and germination of maize ( Zea mays var. 
Prairie hybrids 4750) seeds.  Seeds were primed and germinated as described in ‘Materials and Methods’.  In total eight 
housekeeping genes were selected as the candidate references: actin depolymerizing factor (Actdf), ubiquitin (UBQ), beta 2-
tubulin (βtub), 18S rRNA (18S), actin (Act), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), globulin (Glub), and alpha 
tubulin (αtub). Statistics for the expression of eight candidate reference genes were calculated based on their threshold cycle (Cq) 
values.  The pair-wise correlations among candidate genes are based on Pearson correlation coefficient and p-value.  
Abbreviations: geo. mean (Cq): the geometric mean of Cq; Std.: standard deviation of Cq; CV (% Cq): coefficient of variation 
expressed as a percentage on the Cq level; r: Pearson correlation coefficient    
 
 Actdf UBQ βtub 18S Act GAPDH Glub αtub 
Geo. mean(Cq) 25.92 21.46 23.23 17.36 28.75 26.37 30.53 30.15 
Std. 0.84 0.99 0.91 0.25 0.31 2.00 1.69 3.53 
CV (% Cq) 3.25 4.60 3.89 1.46 1.09 7.56 5.51 11.24 
r 0.995 0.985 0.936 -0.782 -0.710 0.991 -0.988 0.985 
p-value 0.001 0.001 0.001 0.013 0.032 0.001 0.001 0.001 
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Table 3   Changes in statistics for the expression of reference genes in hydroprimed and germinated maize (Zea mays var. Prairie 
hybrids 4750) seeds.  Seeds were primed and germinated as described in ‘Materials and Methods’.  In total eight housekeeping 
genes were selected as the candidate references: actin depolymerizing factor (Actdf), ubiquitin (UBQ), beta 2-tubulin (βtub), 18S 
rRNA (18S), actin (Act), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), globulin (Glub), and alpha tubulin (αtub).  All 
statistics were calculated by BestKeeper based on the threshold cycle (Cq) values.  Abbreviations: geo. mean (Cq): the geometric 
mean of Cq; Std.: standard deviation of Cq; CV (% Cq) coefficient of variation expressed as a percentage on the Cq level 
 Actdf UBQ βtub 18S Act GAPDH Glub αtub 
Geo. mean(Cq) 25.31 20.75 22.57 17.55 28.95 24.95 31.84 28.72 
Std. 0.12 0.14 0.34 0.20 0.27 0.02 0.08 0.31 
CV (% Cq) 0.46 0.68 1.51 1.12 0.94 0.07 1.07 0.26 
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Table 4 The average expression stability of reference genes during hydropriming and germination of maize (Zea mays var. Prairie 
hybrids 4750) seeds calculated by NormFinder.  Seeds were primed and germinated as described in ‘Materials and Methods’.  In 
total eight housekeeping genes were selected as the candidate references: actin depolymerizing factor (Actdf), ubiquitin (UBQ), 
beta 2-tubulin (βtub), 18S rRNA (18S), actin (Act), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), globulin (Glub), and 
alpha tubulin (αtub). The threshold cycle (Cq) values were converted into relative expression quantity according to comparative 
∆Cq method, and subjected to the analysis of NormFinder.  Stability values are calculated by incorporation of variations of gene 
expression induced by biological and experimental factors.  Thus, smaller stability values indicate more stable expression 
 
HKGs Actdf UBQ βtub 18S  Act GAPDH Glub αtub 
NormFinder 0.102 0.290 0.344 0.707 0.756 0.906 1.73 2.01 
Best combination of two genes: Actin and GAPDH 
Stability value for the best combination of two genes: 0.120 
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 All samples Hydrated (primed/germinated) 
seeds only 
Unprimed and primed dried 
seeds only 
18S GAPDH 18S GAPDH 18S GAPDH 
Geo. mean (Cq) 17.50 27.66 15.72 24.54 21.90 34.88 
Std. 2.62 4.27 0.71 2.03 0.81 1.17 
CV (% Cq) 15.69 16.65 4.15 6.85 3.70 3.36 
Table 5 The expression stability of 18S rRNA (18S) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) calculated by 
BestKeeper during osmopriming and germination of spinach (Spinacia oleracea cv. Bloomsdale) seeds.  Seeds were osmoprimed 
and germinated as described in ‘Materials and Methods’.  All statistics were calculated based on the threshold cycle (Cq) values.  
The group ‘All samples’ includes samples from all seed treatments described in ‘Methods’. ‘Hydrated (primed/germinated) seeds 
only’ includes all samples but unprimed and primed dried seeds 
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Figure Captions 
Fig.1  The average expression stability (M) (A) and pairwise variation (Vn/n+1) (B) of 
candidate reference genes determined by geNorm during priming and germination of maize 
(Zea mays var. Prairie hybrids 4750) seeds.  Seeds were primed and germinated as described 
in ‘Materials and Methods’.  In total eight housekeeping genes were selected as the candidate 
references: actin depolymerizing factor (Actdf), ubiquitin (UBQ), beta 2-tubulin (βtub), 18S 
rRNA (18S), actin (Act), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), globulin 
(Glub), and alpha tubulin (αtub). M value is defined as the average pairwise variation of a 
particular gene with all other internal controls.  A smaller M-value indicates a greater 
expression stability.  Any genes with M-values greater than 1.5 are disqualified as the 
internal control.  Vn/n+1 is calculated by geNorm to determine the optimal number of control 
genes for normalization.  For any Vn/n+1 < 0.15, it is unnecessary to include the (n+1)th gene 
as the internal control 
 
Fig.2  Fold changes of 18S rRNA among spinach (Spinacia oleracea cv. Bloomsdale) seed 
samples with different hydration levels.  ‘Dry samples’ include unprimed and primed dry 
seeds. ‘Non-dry samples’ include 8-d osmoprimed seeds (with -0.6 MPa PEG at 15 °C), and 
unprimed seeds germinated under normal (with deionized distilled water at 10 °C), chilling 
(at 4 °C), and desiccation (with -0.8 MPa PEG) conditions for 15 d 
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CHAPTER 6. GENERAL CONCLUSIONS 
Previous chapters represent published or in press work.  In this chapter, I provide an 
overview of key findings from the entire dissertation, and propose a hypothetical model 
explaining the cellular mechanisms of priming-induced stress tolerance in germinating seeds.   
First, an optimal osmopriming protocol was determined for spinach (Spinacia oleracea 
cv. Bloomsdale) based on the seed germination performance (final germination percentage, 
rate, and uniformity) under optimal environments (Chapter 2).  After comparing the 
germination performance of seeds primed with 60 different protocols (arising from 
combinations of various concentrations of the priming agent, and the temperatures and 
durations of priming treatments), one protocol was selected as ‘optimal’.  It entailed priming 
seeds with -0.6 MPa PEG 8000 at 15 °C for 8 d.  This protocol has been tested for its effect 
on stress tolerance of germinating seeds.  Seeds primed with this protocol exhibited improved 
tolerance to temperature (sub-optimal and supra-optimal temperatures) and desiccation 
stresses (Chapter 2). 
Next, experiments were designed to explore the cellular mechanism for enhanced stress 
tolerance in primed germinating seeds.  First the dynamics of the antioxidant system in seeds 
during priming and subsequent germination was examined (Chapter 3).  Our results suggest 
that osmopriming represses the antioxidants presumably involved in protecting seeds during 
dry storage (e.g. CAT and SOD), but enhances those related to seed germinability (e.g. AsA-
GSH cycle).  Similar patterns of repression and enhancement of antioxidant elements have 
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also been found during early germination of unprimed seeds.  Moreover, a renewal of 
previously repressed antioxidant activity (i.e. CAT) was found during germination in both 
primed and unprimed seeds; however, this renewal was greater and occurred earlier in 
primed seeds.  Thus, the patterns of enhancement (AsA-GSH cycle), and the repression and 
renewal (CAT) during osmopriming and subsequent germination, respectively, may be an 
‘updated version’ of antioxidant system that happens along with  the transition of seeds from 
dry to imbibing / germinating state.  Osmopriming, therefore, strengthens the antioxidant 
system by providing a ‘head-start’ of this transition and increases seed germination potential, 
leading to an improved stress tolerance in germinating seeds. 
Our study of DHN accumulation during osmopriming and subsequent germination, on the 
other hand, provides an alternative strategy contributing to priming-induced stress-tolerance 
(Chapter 4).  Transient accumulation of DHNs during osmopriming was detected at protein 
level (30, 26, and 19-DHNs), and at both protein and transcript levels (CAP85).  Notably, 
these DHNs specifically re-accumulated in primed seeds during germination in response to 
stresses (especially desiccation), concomitant with the improved stress tolerance of primed 
seeds.  Possibly, osmopriming might impose mild osmotic stresses on seeds, inducing stress-
response (i.e. accumulation of DHNs) that confers improved tolerance to subsequent stress 
exposure, hence the ‘cross-tolerance’. 
A technical challenge was encountered while studying CAP85 expression during 
osmopriming and germination, which is the following: the reference genes that are routinely 
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assumed to be stably expressed in published research on seed germination and / or priming 
indeed exhibited greatly varied expression during transition of seed hydration status (dry to 
imbibed state) in our preliminary experiments. This could lead to erroneous conclusions.  To 
address this issue, a detailed study was conducted to select ‘appropriate’ reference genes 
from a pool of house-keeping genes routinely used as the internal controls (Chapter 5).  First, 
maize was used as the ‘model’ system to get a rank of expression stability among eight 
candidate reference genes, followed by studies with spinach to determine whether conclusion 
derived from maize could be applied to other species.  Data from spinach supports the 
conclusion in maize, and recommends the use 18S rRNA as the internal control to study 
CAP85 expression (Chapter 5). This conclusion validates the use of this reference gene in 
the study outlined in Chapter 4. 
Based on data generated in this dissertation and those previously reported in the literature, 
it is proposed that osmopriming may adopt two strategies to improve the stress tolerance of 
germinating seeds.  First, osmopriming provides a ‘head-start’ of seed transition from dry to 
imbibed state, where considerable germination-related metabolic activities are initiated.  
Consequently, primed seeds have greater germination potential than unprimed ones.  
Changes in the antioxidant system during osmopriming and subsequent germination, as 
presented in Chapter 3, likely belong to this category.  Secondly, osmopriming imposes 
osmotic stress on seeds to prevent radicle protrusion, while, at the same time, induces cross-
tolerance in seeds that is later recruited during post-priming germination under stresses in the 
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way of DHN accumulation as data in Chapter 4 supports this notion.  These two strategies 
work together, leading to an improved stress tolerance in primed germinating seeds. 
 
 
 
Fig.1 Hypothetical model of cellular mechanisms 
contributing to osmopriming-enhanced seed stress-tolerance 
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APPENDIX A. PROTOCOLS OF SEED PRIMING 
This protocol describes the procedures of selecting optimal priming protocol for spinach 
(Spinacia oleracea L. cv. Bloomsdale).  Spinach seeds were procured from Stokes Seeds, Inc. 
(Buffalo, NY).  Seeds were first primed with different osmopriming protocols, and dried for 
2 d at room temperature to return to their original moisture.  Primed dry seeds were then 
subjected to standard germination test to evaluate their germination performance based on 
final germination percentage (FGP), germination rate, and uniformity.  Germination rate is 
represented by T50, i.e. the time needed for seeds to reach 50% of FGP.  Germination 
uniformity is represented by T10-90, i.e. the time needed for seeds with 10% FGP to reach 
90% FGP. 
Design for priming protocols 
There are three essential factors that impact the effect of priming on seed germination 
performance: priming durations and temperatures, and the osmotic potential of priming 
solutions.  Each factor comprised different levels, i.e. four levels (4, 6, 8, and 10d) were 
included for priming duration, three levels (10, 15 and 20 °C) for priming temperature, and 
five levels (-0.4,    -0.6, -0.8, -1.0, and -1.2 MPa) for osmotic potentials of priming agents 
(PEG-8000 solutions in the present study) (see figure blow).   
                                           
174 
 
 
 
Notably, a formula provided by Michel (1983) was adopted to prepare PEG solutions 
with desired osmotic potentials, and presented as below. 
Ψ = 1.29 [PEG]2T – 140[PEG]2 – 4.0 [PEG] 
Ψ: osmotic potential (bar = 0.1 MPa) 
T: priming temperature (°C) 
[PEG]: concentrations of PEG-8000 solutions (g/ml) 
According to this formula, the concentrations of PEG solutions are determined by both 
temperature and osmotic potential.  The concentrations of PEG solutions to create a certain 
osmotic potential at a specific temperature are listed in the table blow. 
Ψ 
(MPa) T (°C) 
[PEG] 
(g/ml) 
-0.4 10 0.1624 
-0.4 15 0.1663 
-0.4 20 0.1705 
-0.6 10 0.202 
-0.6 15 0.207 
-0.6 20 0.212 
-0.8 10 0.2356 
-0.8 15 0.2415 
-0.8 20 0.2477 
-1 10 0.2652 
-1 15 0.2718 
-1 20 0.2789 
-1.2 10 0.2919 
-1.2 15 0.2992 
-1.2 20 0.3071 
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Seed osmopriming 
1. Surface sterilization: spinach seeds held in a screen were rinsed with 10% bleach for 
10 s, followed by three washes in sterilized deionized distill water (dd H2O), each with 10 sec.  
The surface-sterilized seeds were gently dried with paper towels. 
2. Osmorpiming: after surface-sterilizing, seeds were transferred into petri dishes (9-cm-
diameter), each containing four layers of paper towels moisted with 5 ml PEG solutions of 
various concentrations.  Covers of petri dishes were well-sealed with parafilm to prevent 
evaporation.  Petri dishes were then transferred into growth chambers with different 
temperatures, and seeds were primed in dark.  Each priming protocol included three 
replicates (petri dish).  Each replicate contained 30 seeds.  At the end of priming, seeds were 
rinsed in ddH2O for 20 s to remove remaining PEG solutions, and dried at room temperature 
for 2 d to obtain the original moisture. 
 
Standard germination test 
1. Determine the optimal range of germination temperature.  Spinach seeds were 
surface-sterilized as described above, and then germinated in petri dishes at 5, 10, 15, and 
20 °C, respectively. Each petri dish contained four layers of paper towels moisted with 5 ml 
sterile dd H2O.  Each germination temperature treatment contained three replicates (petri 
dishes), with each replicate containing 30 seeds.  Our data suggest that 10-15 °C is the 
optimal range of seed germination for ‘Bloomsdale’ spinach (Chapter 2).  We have selected 
10 °C as the temperature used for standard germination test. 
2. Standard germination test.   Spinach (unprimed and primed-dried) seeds were first 
surface-sterilized as described above.  Germination test was conducted at 10 °C in dark in 
petri dishes, and each petri dish contained four layers of paper towels moisted with 5 ml 
sterile dd H2O.  Covers of petri dishes were well-sealed with parafilm to prevent evaporation.  
Each seed treatment contained three replicates / petri dishes. 
Reference 
Michel, B.E. (1983). Evaluation of the water potentials of solutions of polyethylene glycol 8000 both in the 
absence and presence of other solutions. Plant Physiology 72: 66-70. 
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APPENDIX B.  PROTEIN EXTRACTION BY TCA-ACETONE-PHENOL METHOD 
This protocol describes procedures used for extracting proteins from recalcitrant tissues, 
such as buds, aged leaves, pine needles, and fruits.  This protocol was first devised by Wang 
et al. (2006), and modified in Arora’s lab where it has been tested on blueberry buds, leaves 
of eucalyptus and rhododendron, and spinach seeds.   
Reagents: 
1. Buffered phenol 
• Preparation of liquefied phenol.  
9 Start with 500-g bottle of phenol. Add ~200 ml ddH2O into the bottle 
and incubate it at 37°C water bath to let the phenol dissolve in water. 
Swirl the liquefied phenol intermittently for 1-2 h to obtain a fine 
emulsion. 
9 Close the cap tightly and store the bottle at 4°C overnight to allow for 
complete phase separation. 
9 Aliquot liquefied phenol into 50 ml Falcon plastic tubes. Add ~ 35 ml 
of phenol to each tube. Cover phenol with 2-3 ml ddH2O. Store at -
20°C. 
• Preparation of buffered phenol. 
9 Thaw frozen liquefied phenol at room temperature (with the tube 
covered by aluminum foil to prevent phenol oxidation). 
9 Prepare 500 mM of Tris-HCl, pH 8.0. 
9 Mix 500 mM Tris-HCl (pH8.0) with thawed liquefied phenol 
following the ratio of 1:3.  Hand-shake the mixture vigorously, and 
place the tube at 4 °C overnight to allow complete phase separation. 
Tris-HCl buffer will be in the upper phase and phenol in the lower 
phase. Store equilibrated phenol in dark at 4°C.  
2. Washing solution I: 10% TCA/acetone (v/v) 
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3. Washing solution II: 0.1 M ammonium acetate in 80% methanol 
4.  Washing III:  80% acetone 
5. SDS buffer:  
• 30% sucrose (w/v),  
• 2% SDS (w/v) 
• 5% 2-mercaptoethanol (v/v) 
• 0.1M Tris-HCl, pH 8.0 
6. Precipitation solution: 100% methanol containing 0.1 M ammonium acetate 
 
Procedures: 
Day 1 
1. Pre-chill all washing solutions overnight at 4 °C. 
2. Transfer150 mg of ground frozen tissues into pre-chilled 2-ml tube. 
3. Fill the tubes with Washing solution I. Vortex the samples vigorously for 30 s, and 
shake them vigorously for 5 min at 4 °C. 
4. Centrifuge the samples at 21,000 g at 4 °C for 10 min, and discard the supernatant. 
5. Repeat step 3 and 4. 
6. Fill the tubes with Washing solution II. Vortex the samples vigorously for 30 s, and 
shake them vigorously for 5 min at 4 °C. 
7. Centrifuge the samples at 21,000 g at 4 °C for 10 min, and discard the supernatant. 
8. Fill the tube with Washing solution III. Vortex the mixture vigorously for 30 s, and 
shake it vigorously for 5 min at 4 °C. 
9. Centrifuge the samples at 21,000 g at 4 °C for 10 min, and discard the supernatant. 
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10. Air-dry the pellets at room temperature for at least 2.5 h to remove the residual 
acetone. 
11. Add 500 µl of Buffered phenol (pH 8.0) and 500 µl of SDS buffer to each pellet, 
respectively. 
12. Shake the samples vigorously for 1 h at room temperature. 
13.  Centrifuge the samples at 16,000 g for 15 min at room temperature. 
14. Gently transfer the tubes from microcentrifuge to the working bench. Be sure to avoid 
disturbing phase separation.  
15. Transfer the upper phenol phase into a new pre-chilled 2-ml tube.   
16. Fill the tube with Precipitation solution.  
17. Store the samples at -20 °C overnight to allow for protein precipitation. 
Day 2 
18. Centrifuge the samples at 21,000 g for 10 min at 4 °C. 
19. Collect the pellets and discard the supernatant. 
20. Wash the pellets once with 100% methanol by centrifuging the samples at 16,000 g 
for 10 min at 4 °C. Discard the supernatant. 
21. Repeat twice step 20 but use 80% acetone instead as the washing solution.  Before 
each washing, gently vortex the pellets to let them swirl in the acetone 
22. Air-dry the pellets at room temperature for at least 2 h to remove the remaining 
acetone. 
179 
 
 
 
23. Dissolve the pellet for each treatment in 50 µl 1x laemmli buffer, and immediately 
boil the samples for 7 min.   
24. Gently shake the samples at room temperature for 15 min. 
25. Store the samples at 4 °C. 
Reference 
Wang, W., R. Vignani, M. Scali, and M. Cresti. (2006). A universal and rapid protocol for protein 
extraction from recalcitrant plant tissues for proteomic analysis.  Electrophoresis 27: 2782-2786. 
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APPENDIX C.  PROTEIN EXTRACTION FROM SPINACH SEEDS 
This protocol describes procedures of extracting proteins from spinach seeds.  It is 
adapted from Capron et al. (2000), and has been used for dehydrin immunoblotting   
(Chapter 4). 
Reagents: 
1. Extraction buffer : 50 mM HEPES (pH 8.0) containing 1 mM EDTA 
2. 100 mM PMSF 
3. Precipitation solution:  20% TCA/acetone (v/v) 
4. Lysis buffer:  
• 30 mM Tris, pH 8.0 
• 7 M urea 
• 2 M thiourea 
• CHAPS (4%, w/v) 
• 10 mM DTT 
5. Washing solution: 100% acetone 
Procedures: 
Day 1 
1. Pre-chill the microcentrifuge tubes (2 ml). 
2. Transfer 150 mg of ground frozen tissues into the pre-chilled tubes. 
3. Add 1 ml Extraction buffer and 10 µl 100 mM PMSF into the tube.    
4. Shake the samples at 4 °C for 30 min. 
5. Centrifuge the samples at 21,000 g at 4 °C for 30 min.  
6. Collect the supernatants (~1 ml), and discard the pellets. 
7. Divide the supernatant of each treatment into 2~3 aliquots (each aliquot contains 300 
ml of supernatant). 
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8. To each aliquot of supernatant, add 5 volumes (i.e. 1.5 ml) of Precipitation solution. 
9. Precipitate the proteins at -20 °C overnight. 
 
 
Day 2 
10. Centrifuge the samples at 21,000 g at 4 °C for 45 min, and discard the supernatants. 
11. Wash each pellet twice with 1 ml 100% acetone by centrifuging the samples at 
16,000 g for 10 min at 4 °C. 
12. Dry the pellets at room temperature for at least 2 h. 
13. Pool the pellets belonging to the same sample treatment in one 1.5-ml 
microcentrifuge tube 
14. Dissolve the pellets of each treatment in 37.5 µl Lysis buffer by shaking the samples 
vigorously at room temperature for 1 h. 
15. Mix the resulting mixture with 2x laemmli buffer. 
16. Immediately boil the samples for 7 min, and gently shake them for 15 min at room 
temperature. 
17. Store the samples on ice. 
 
Reference 
Capron, I., F. Corbineau, F. Dacher, C. Job, D. Côme, and D. Job. (2000). Sugarbeet seed priming: 
effects of priming conditions on germination, solubilization of 11-S globulin and accumulation of 
LEA proteins.  Seed Sci. Res. 10: 243-254. 
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APPENDIX D.  PROCEDURES OF QPCR 
The procedures of qPCR can be divided into several stages, including total RNA 
extraction, RNA quantification, RNA-quality test, removal of genomic DNA, reverse-
transcription, and qPCR assay.  All reagents used for the entire assay need to be Rnase-free. 
 
Total RNA extraction 
Total RNA from spinach seed and leaf samples were extracted by TRIzol Plus RNA 
Purification Kit (Invitrogen Life Technologies, Carlsbad, CA, USA) following the 
manufacturer’s instructions.   
Reagents: 
1. RNase-free Mortars, pestles, magnetic stirrer, glass bottles (1000 ml), and spatulas:  
Above items were baked at 160 °C overnight to remove RNase. 
2. Rnase-free microcentrifgue tubes (1.5 ml):  
Autoclave tubes (using program #6), and let them stay in the autoclave (with the 
temperature of ~115 °C) overnight. 
3. RNase-free H2O (DEPC-treated water) 
• Fill the Rnase-free glass bottle with 1000 ml dd H2O. 
• Add 500 µl of DEPC into the bottle. 
• Mix ddH2O with DEPC overnight with the magnetic stirrer. 
• Conduct above procedures in the fume hood. 
• Autoclave the DEPC-treated water with program #2. 
4. TRIzol Plus RNA Purification Kit (Invitrogen Life Technologies, Carlsbad, CA, USA) 
5. 70% ethanol: mix 70 ml ethanol with 30 ml DEPC-treated water. 
6. Chloroform 
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Sample preparation 
1. Clean the bench with 20% bleach. 
2. Pre-chill the Rnase-free mortars and pestles with liquid nitrogen. 
3. Grind the samples into fine powder. 
4. Transfer the powder into new 50-ml Falcon tubes. 
5. Store the samples at -80 °C. 
           Total RNA extraction 
1. Transfer tissues of 100 ─ 120 mg into pre-chilled Rnase-free microcentrifuge tubes 
(1.5 ml). 
2. Add 1ml of cold TRIzol reagent to the samples. 
3. Incubate the tissues in TRIzol at room temperature for 5 min. 
4. Add 0.2 ml of Chloroform to each sample. 
5. Shake the tubes vigorously by hand for 15 s. 
6. Incubate the samples at room temperature for 2─3 min. 
7. Centrifuge the samples at 12, 000 g for 15 min at 4 °C. 
8. Transfer ~400 µl of the colorless, upper phase containing the RNA to a fresh RNase-
free tube. 
9. Add an equal volume of 70% ethanol to obtain a final ethanol concentration of 35%. 
Vortex the samples to mix well. 
10. Invert the tubes to disperse any visible precipitate that may form after adding the 
ethanol. 
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11. Transfer up to 700 µl of sample to a Spin Cartridge with a Collection Tube 
(provided by the kit). 
12. Centrifuge the samples at 12, 000 g for 15 s at room temperature. Discard the flow-
through and reinsert the Spin Cartridge into the same Collection Tube. 
13. Repeat Steps 11 and 12 until the entire sample has been processed. 
14. Add 700 µl Wash Buffer I (provided by the kit) to the Spin Cartridge.  Centrifuge at 
12,000 g for 15 s at room temperature. Discard the flow-through and the Collection 
Tube. Insert the Spin Cartridge into a new Collection Tube (provided by the kit) 
15. Add 500 µl Wash Buffer II (provided by the kit) with ethanol * to the Spin Cartridge. 
*Ethanol was added to Washing Buffer II as instructed by the manufacturer. 
16. Centrifuge at 12,000 g for 15 s at room temperature. Discard the flow-through, and 
reinsert the Spin Cartridge into the same Collection Tube. 
17. Repeat Step 15 and16 once. 
18. Centrifuge the Spin Cartridge and Collection Tube at 12,000 g for 1 min at room 
temperature to dry the membrane with attached RNA. Discard the Collection Tube 
and insert the Spin Cartridge into a Recovery Tube (provided by the kit). 
19. Add 30 ul of RNase-Free Water (provided by the kit) to the center of Spin 
Cartridge. 
20. Incubate the samples at room temperature for 1.5 min. 
21. Centrifuge the Spin Cartridge with the Recovery Tube for 2 min at 12,000 g at 
room temperature.  
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RNA quantification 
Total RNA was quantified by Nanodrop ND-1000 spectrophotometer (NanoDrop, 
Wilmington, DE, USA). 
1. Press ‘Nucleic Acid’ button in the main menu, which is presented blow. 
                               
2. Add 2 µl of RNase-Free Water (provided by the RNA extraction kit) to the center of 
sensor (as indicated in the figure below) for equipment calibration*. 
*Be sure to avoid letting the tips touch the sensor. 
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3. Use KimWipe to remove the remaining liquid in the sensor. 
4. Select ‘RNA-40’ in the drop-down menu of ‘Sample Type’, as presented below. 
 
5. Re-calibrate the equipment by adding 2 µl of RNase-Free Water (provided by the 
RNA-extraction kit) to the center of sensor.  Press ‘Blank’ button. 
6. Remove the remaining liquid from the sensor. 
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7. Add 2 µl of RNA sample to the center of sensor. Press ‘Measure’ button. 
8. Record RNA concentration (ng/µl), and the ratio of 260/280. 
9. The ratio of 260/280 in RNA extracts with high purity should be between 1.8 ― 2.1 
 
RNA quality test 
The RNA quality was checked by running 1% agarose gel and visualizing the gel under 
an ultraviolet light source.  RNA of good quality should exhibit two main bright bands 
(28S and 18S rRNA).  The degraded RNA exhibits visible diffusion or smear underneath 
the two main bands.  For detailed procedures, please check Xiang Wang’s dissertation. 
 
Removal of genomic DNA from RNA extract 
Reagent: 
1. Rnase-free Dnase I (Invitrogen Life Technologies, Carlsbad, CA, USA) 
2. 10X Dnase I Reaction Buffer (Invitrogen Life Technologies, Carlsbad, CA, USA) 
3. 25 mM EDTA (Invitrogen Life Technologies, Carlsbad, CA, USA) 
4. DEPC-treated water             
Procedures 
          Add following reagents to RNase-free, 0.5-ml microcentrifuge tubes: 
• 1 μg RNA sample 
• 1 μl 10X DNase I Reaction Buffer 
• 1 μl DNase I, Amp Grade, 1 U/μl 
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• DEPC-treated water  
The total volume for reaction is 10 µl*.  The table below illustrates the input needed 
for each component.  The RNA extract was added at last to initiate the reaction. 
*To work with smaller or larger amounts of RNA, scale down or up the reaction 
(including volume) linearly. 
Treatment [RNA] 
(µg/µl) 
Volume for 
1 µg (µl) 
Rxn Buffer 
(µl) 
Dnase (µl) DEPC H2O 
(µl) 
A 0.301 3.3 1 1 4.7 
B 0.348 2.9 1 1 5.1 
C 0.290 3.4 1 1 4.6 
D 0.181 5.5 1 1 2.5 
 
1. From the point of adding RNA extract onwards, incubate tubes for 15 min at room 
temperature. 
      *It is critical not to exceed the 15-minute incubation.  Higher temperatures and longer 
time could lead to Mg2+-dependent hydrolysis of the RNA.  Thus, for a complete removal 
of genomic DNA without causing RNA degradation, the processed samples should not 
be more than three in one run of the reaction.   
 
2. Inactivate the DNase I by the adding 1 μl of 25 mM EDTA to the reaction mixture. 
Heat samples for 10 min at 65°C. The RNA sample is ready to use in reverse 
transcription. 
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Reverse-Transcription: preparation for cDNA from total RNA 
 
Reagents: 
1. qScript cDNA superMix (Quanta BioSciences, Garthersburg, MD, USA) 
2. RNA template 
3. DEPC-treated water  
 
Procedures: 
1. Add above-described reagents to RNase-free, 0.5-ml microcentrifuge tubes according 
to the table below 
Rxn. Component Volume 
qScript cDNA superMix 4 
RNA template 11 
DEPC-treated water 6 
Total volume 20 
 
2. Place the tubes in PTC-100 Programmable Thermal Controller. 
3. Select ‘Run’ option in the main menu. 
4. Use ‘←’ and ‘→’ buttons to find the program ‘QUTäRT’.* 
5. Press ‘Proceed’ Button to enter the menu for ‘QUTäRT’.  
6. Select ‘Enable’ option and press ‘Proceed’ button to run the program.  
*The details of ‘QUTäRT’, i.e. the procedures of reverse-transcription, are listed in the table 
below. 
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Step 
Incubation 
temperature (°C)
Duration 
(min) 
1 25 5 
2 42 30 
3 85 85 
4 4 hold 
 
 
qPCR assay 
Reagents: 
1. PerfeCTa SYBR Green FastMix, ROX (Quanta BioSciences, Gaithersburg, MD, 
USA) 
2. cDNA template 
3. Primer solutions [Integrated DNA Technologies (IDT), Coralville, IA, USA] 
4. DEPC-treated water 
5. 96-well plate (ABI, Foster City, CA, USA) 
6. Optical adhesive covers (ABI, Foster City, CA, USA) 
 
Preparation: Primer design 
1. Search the mRNA sequence of target gene in Genbank. 
191 
 
 
 
2. Import the entire mRNA sequence into Primer 3 (Whitehead Institute for Biomedical 
Research in Cambridge, MA, USA). 
3. Press the ‘►’ button in the working screen to get the sequence of the optimal primer 
pair recommended by Primer 3. 
4. Get the synthesized primers from IDT 
5. Prepare the stock and working solutions of primers:  
For example, the amount of primer sequence A synthesized by IDT is 39.3 nmol. The 
desired concentration of the stock solution is 250 µM. Thus, the volume of DEPC-
treated water needed to prepare the stock solution for primer A is:  
(39.3 nmol × 1000) / 250 µM = 157.2 µl 
Spin the stock tube (provided by IDT) at 10,000 g for 2 min at room temperature to 
collect the primer (invisible) at the bottom of tubes. 
Add 157.2 µl of DEPC-treated water into the stock tube. 
Dilute the stock solution 10 times to prepare a working solution:  
10 µl stock solution + 90 µl DEPC-treated water = 100 µl working solution 
6. Test the functionality of primers: running qPCR to get the disassociation curve, which 
calculates the melting temperature (Tm) of amplicons.  
 
 Procedures of qPCR 
Each primer pair / treatment contains three replicates.  The reaction mixtures for all 
replicates were prepared in one Rnase-free tube (1.5 ml). Due to the potential loss of 
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materials caused by pipetting, the actual materials prepared for each treatment afford 
3.4 reactions*. 
1. The reaction mixture for each treatment was prepared according to the table below. 
 
qPCR Reagents µ/25 µl rxn  x No. rxns
Total vol. 
(µl) 
Final 
conc. 
(µM) 
SYB Green I 12.5 3.4 42.5 
Primer-F 0.9 3.4 3.06 0.9 
Primer-R 0.9 3.4 3.06 0.9 
cDNA 2 3.4 6.8   
sHPLC water 8.7 3.4 29.58   
 
 
 
 
 
         The reaction mixture can be stored on ice overnight. 
*Water controls are also required: rather than using cDNA, add 2 µl of DEPC-
treated water instead. 
2. Transfer the reaction mixture from the master tube to a 96-well plate (ABI, Foster 
City, CA, USA): add 25 µl of reaction mixture to each well. 
3. Seal the 96-well plate with an adhesive cover (ABI, Foster City, CA, USA). 
4. Equipment setup: Applied Biosystems 7900 
For details, please check the following website, 
http://www.biotech.uiuc.edu/centers/Keck/Functional_genomics/taqman.htm, 
 for ‘Real Time PCR User Instructions’*.  
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       *Please note that there are two differences between this protocol and the protocol            
provided by UIUC:  
(1) The thermal profile in this protocol is divided into three stages: a. 10-min at 
95 °C; b. 40 cycles of heating at 95 °C for 15 s followed by a 1-min incubation at 
60 °C; c. dissociation stage, includes an initial heating at 95 °C for 15 s, followed 
by a 15-s incubation at 60 °C, and a second heating at 95 °C for 15 s. 
(2) The sample volume for each reaction / well is 25 µl (instead of 20 µl, as listed in 
UIUC protocol). 
5. There should be only one Tm in the PCR products amplified from proper primers, as 
presented in figure below. 
                     . 
     
Determine the expression of target gene 
                           Appropriate primers                                                  Inappropriate primers 
1. For each treatment, conduct a 4/10 –fold serial dilution of cDNA, e.g. 1:4, 1:16, 1:64, 
1:256, and 1: 1024 diluted cDNAs.  At least five dilutions need to be included. 
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2. Prepare the reaction mixture as described above, using serial-diluted cDNAs and 
primers for target and reference genes.  The reactions for target and reference genes 
should be present in the same plate.* 
* A proper reference gene should be stably expressed across the sample treatments, 
i.e. the standard deviations of Cq values of all treatments should be at least < 1 and 
as small as possible. 
3. Perform the equipment setup as described above. 
4. Data analysis 
Please check ABI manuals, ‘Guide to Performing Relative Quantification of Gene 
Expression Using Real-Time Quantitative PCR’, p 56-59. 
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APPENDIX E. DETERMINE FREEZING TOLERANCE (FT, i.e. LT50)                                      
IN SPINACH COTYLEDONS AND TRUE LEAVES 
Reagents: 
1. Sunshine LC-1 mix (Seba Beach, Alberta, Canada) 
2. Deionized distilled water (ddH2O) 
3. Glycol bath (Isotemp 3028; Fisher Scientific, Pittsburgh, PA) 
4. Conductivity meter (model 3100; YSI Inc, Yellow Spring, OH) 
 
Procedures: 
1. Sample preparation: sow spinach seeds in Sunshine LC-1 mix 
• Fill the cell packs with Sunshine mix.  
• Well water the mix.  
• Place two seeds per cell on top of the mix.  
• Spread a thin layer of mix to cover the seeds.  
• Moist the mix by quick spraying the tap water.  
• Transfer the cell packs to a growth chamber at 15 °C with a 12-h photoperiod. 
2. Freezing tolerance (FT) test 
FT of the seedlings was evaluated by an electrolyte leakage-based, controlled-
temperature freezing test.  Two developmental stages of seedlings were used for FT 
tests — cotyledon-stage (cotyledon length of 3.34 ± 0.65 cm) and true-leaf-stage (true 
leaf length of 3.45 ± 0.32 cm, and width of 1.83 ± 0.2 cm). The weekly height of 
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seedlings, and the days needed for primed and control seedlings to reach cotyledon- 
and true-leaf-stage were recorded. 
 
Day 1:  
• Place one cotyledon-stage or true-leaf-stage seedling (with cotyledon cut off) 
in a 2.5 × 20 cm test tube containing 150 µl of dd H2O.  Each temperature 
treatment contained 5 replicates (one seedling per tube). 
• Cover all tubes except the controls with metal bolts.  The controls were 
covered with plastic caps. 
• Transfer all tubes (except the controls) into the temperature-controlled glycol 
bath at 0 °C.  Transfer the glycol out of the bath to maintain its level between 
low and high limit.  Store the taken-out glycol on ice. Samples for the control 
temperature (0 °C) were also stored on ice. 
• Equilibrate the tissue temperature (25 °C) with bath temperature (0 °C) for 40 min. 
• Change the bath temperature to -1.0 °C. 
• Equilibrate the tissue temperature (0 °C) with bath temperature (-1 °C) for 1 h. 
• Start ice nucleation by dropping ice chips in each test tube at -1 °C. 
• Equilibrate the tissue temperature with bath temperature for 1h post-nucleation. 
• Cool the tissues to various sub-freezing treatment temperatures at slow 
cooling rates: 0.5 °C /30 min down to -6 °C, and 1 °C /30 min from -6 °C to -
10 °C.  The temperature treatment for cotyledon-stage seedlings include: -1, -
1.5, -2, -2.5, -3,  -3.5, -4, -4.5, -5, -5.5, -6, -7, and -8 °C.  The temperature 
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treatment for true-leaf stage seedlings include: -2, -3, -4, -4.5, -5, -5.5, -6, -7, -
8, -9, and -10 °C. 
• Remove the tubes from glycol bath at various temperatures, and let the tissues 
thaw on ice overnight.  Add the taken-out glycol back to the bath when 
needed to main the level of glycol between low and high limit. 
Day 2: 
• Remove all tubes (including controls) from the ice.  
• Gradually warm the tubes by incubating them at 4 °C for 1 h, followed by a 
30-min incubation at room temperature. 
• Add 20 ml dd H2O to each tube. 
• Vacuum-infiltrate the samples for 3 times (3 min each) at ~100 kPa. 
• Shake the samples at 250 rpm for 1.5 h. 
• Determine the initial ion leakage for each sample with a conductivity meter. 
• Autoclave the samples at 120 °C for 20 min (with program #2). 
• Cool the samples to the room temperature. 
• Determine the final ion leakage. 
3. Data analysis 
• Process the raw data 
                    Following formulas were used to calculate the adjusted percent injury: 
9 Ratio (R) (%) = 100 × Initial leakage/Final leakage 
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9 Rc.ave (%) = the average of Rcontrol 
9 Percent injury (PI) (%) = 100 × (R – Rc.ave) / (100 – Rc.ave) 
9 PIave. max (%) = the average of PI at the lowest temperature. 
9 Adjusted percent injury (API) = 100 × PI/PIave. max 
¾ Define API to be 100% when they are ≥ 100% 
¾ Define API to be 0% when they are ≤ 0% 
• Calculate the mean and standard error for API under each temperature treatment. 
• Calculate LT50 with Sigmaplot 12 (Systat Software Inc., San Jose, CA, USA) 
9 Press main button ‘Σ’ > select ‘New’ > import the APIs as well as standard 
errors under individual temperatures, as indicated in table below. 
T (°C) API (%) S.E. 
0 0.3751 0.2203 
-1 5.5674 2.5329 
-2 8.0304 4.0486 
-3 23.5746 9.0543 
-4 18.7795 7.8018 
-5 60.4622 19.348 
-6 63.457 12.5711 
-7 84.3391 4.0889 
-8 98.7257 1.0166 
-9 99.8214 0.1786 
-10 99.3032 0.5198 
 
9 Highlight the table > go to ‘Creat Graph’ tab > select ‘Bar’ chart > choose 
‘Create a simple vertical bar chart with error bars’.  A chart would be created 
as indicated below.                    
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9 Click the X-axis to change the scale > define the start value to be 1, and end 
value to be -11.  The bar chart would be changed accordingly as indicated 
below: 
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9 Right-click the bars > select ‘Curve fit’ > select ‘Gompertz, 4 parameter’ from 
the drop-down menu of ‘Equation name’ > Click ‘Finish.  A 4-parameter 
Gompertz curve would be created to fit the data, as indicated below. 
200 
 
 
 
                            X Data
-10-8-6-4-20
Y 
D
at
a
0
20
40
60
80
100
120
Col 2 
x column vs y column 
 
 
9 Go to ‘Graph Page’ tab > Press ‘Draw Line’ button > Draw a first line starting 
from the position right between ’40’ and ‘60’ (i.e. 50) in Y-axis and parallel to 
X-axis, and draw a second line parallel to Y-axis and starting from the 
crossing point between the first line and Gompertz curve > calculate the LT50.  
As is indicated the figure below, the LT50 for the example dataset is -4.5 °C 
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